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SECTION  I 
INTRODUCTION 

1.  OPJECTIVES 

The  initial  objectives  of  this  investigation  were  to  compare  known 
responses  of  full-scale  flexible  pavements  of  various  composition  with 
responses  predicted  by  a  layered  elastic  analytical  model  and  to  investigate 
possible  correlations  of  pavement  performance  under  traffic  with  actual  or 
predicted  critical  response  values.  The  objectives  were  later  expanded  to 
include  analysis  of  pavement  response  predicted  by  other  analytical  models. 

2.  SCOPE 

The  objectives  were  accomplished  by: 

a.  Examining  data  available  from  past  pavement  field  tests  conducted  at 
the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  and  selecting  for 
analysis  in  the  study  those  performance  and  response  data  that  appeared  to 
include  information  that  would  fulfill  the  objective  of  this  study  within 
established  funding  and  time  limitation. 

b.  Selecting  and  modifying  the  CHEVRON  computer  program  as  the  layered 
elastic  analytical  model  for  initial  analysis. 

c.  Determining  or  adopting  expressions  for  modulus  of  elasticity  E  and 
Poisson’s  ratio  v  of  the  materials  included  in  the  pavements  under 
consideration. 

d.  Examining  the  predicted  responses  as  determined  by  the  CHEVRON  pro¬ 
gram  with  known  values ,  such  as  surface  deflection  and  internal  stress  and 
strain,  measured  by  sensors  installed  in  the  pavements. 

e.  Repeating  the  initial  analysis  for  selected  test  pavements  using  two 
additional  analytical  models:  the  FEPAV  II  and  ATPAV  programs. 


f.  Defining  critical  response  values  and  examining  their  relationships 
to  pavement  life. 

3.  BACKGROUND 

Most  current  pavement  design  procedures  involve  one  common  feature:  a 
degree  of  empiricism  applied  either  totally  or  at  some  stage  of  the  design 
procedure  to  compensate  for  inaccuracies  or  unknowns .  In  the  past  few  years , 
however,  many  investigations  have  worked  toward  moving  pavement  design  and 
analysis  to  the  theoretical  end  of  the  spectrum.  Development  of  a  system 
based  on  a  theoretically  correct  and  totally  reliable  mechanistic  concept 
would  obviously  be  justified  by  providing  the  ultimate  in  economic  design. 
Important  advances  in  this  area  include  the  Shell  and  the  Chevron  methods 
that  are  based  on  the  concept  of  a  pavement  being  represented  by  multiple 
layers  of  linearly  elastic  material  (references  1  and  2,  respectively).  Other 
investigators  have  approached  pavement  analysis  using  nonlinear  elastic  and 
viscoelastic  theories.  Much  of  the  previous  work,  however,  has  been  centered 
around  laboratory  characterization  of  the  structural  properties  of  component 
materials  followed  by  assumptions  of  pavement  response  when  the  various  mate¬ 
rials  are  coupled  in  an  actual  pavement  structure.  In  the  investigation 
reported  herein,  the  performances  of  several  types  of  pavement  structure  that 
were  constructed  and  trafficked  under  controlled  conditions  at  the  WES  were 
analyzed.  In  this  study  the  known  responses  of  the  pavement  structures  were 
examined  with  respect  to  predicted  values  determined  from  established  mecha¬ 
nistic  models. 

A  significant  feature  of  this  investigation  was  the  availability  of  a 
broad  data  base  of  pavement  response  measurements ,  such  as  surface  deflection 
and  internal  stress  and  strain  values,  of  a  wide  variety  of  flexible  pave¬ 
ments.  These  pavements  were  constructed  and  trafficked  under  several  pavement 
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and  stabilization  investigation  programs  conducted  earlier  by  the  WES.  During 
the  conduct  of  these  tests,  voluminous  data  were  collected  on  material 
strength,  surface  roughness  and  deflection,  and  internal  stress  and  strain 
values,  etc.,  for  a  variety  of  landing  gear  configurations  and  loadings.  Com¬ 
plete  tabulations  of  these  data  are  contained  in  the  reports  covering  the 
respective  tests  (references  3-5).  Although  all  applicable  response  data  were 
considered  in  conducting  this  analysis,  generally  only  those  considered  perti¬ 
nent  are  shown  herein.  The  exception  is  Appendix  I,  which  contains  tabula¬ 
tions  of  strain  values  obtained  from  one  of  the  test  sections. 
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SECTION  II 


DESCRIPTION  OF  PAVEMENTS,  LOADING,  AND  INSTRUMENTATION 

1.  GENERAL 

The  pavements  analyzed  in  this  study  were  constructed  and  trafficked  at 
the  WES  as  part  of  three  separate  field  pavement  studies:  the  multiple-wheel 
heavy  gea1-  load  (MWHGL)  pave  lent  tests  (reference  3),  the  1 ituminous- 
stabilized  base  course  study  (reference  i*) ,  and  the  evaluation  of  structural 
layers  in  flexible  pavements  (reference  5).  All  were  studies  of  flexible 
pavements  that  were  constructed  on  a  low-strength,  heavy  clay  subgrade.  Of 
the  13  different  pavement  configurations  involved  in  these  tests,  11  are  con¬ 
sidered  in  this  analysis.  The  individual  pavements  and  their  material  compo¬ 
sition  are  described  in  the  following  paragraphs.  The  test  pavements  were 
equipped  with  stress  and  strain  sensors  from  which  some  of  the  field  response 
values  discussed  in  this  analysis  were  obtained.  All  response  values  used  in 
this  report  were  obtained  under  static  wheel  loadings  of  the  indicated  land¬ 
ing  gear  assembly.  Surface  deflections  used  in  this  analysis  were  obtained 
us^ng  engineer  levels,  first  with  the  load  off  the  pavement  and  then  with  the 
test  cart  at  a  prearranged  position  on  the  pavement. 

2 .  MWHGL  TESTS 

a.  Pavements . 

Pavements  involved  in  these  tests  were  of  similar  construction  but 
varied  in  the  thickness  of  the  subbase  course.  Material  composition  of  each 
pavement  consisted  of  a  3-in. -thick  wearing  course  of  asphaltic  concrete,  a 
6-in. -thick  base  course  of  crushed  limestone,  and  a  gravelly  sand  subbase 
course.  Gradation  and  classification  data  for  the  base,  subbase,  and  subgrade 
materials  and  for  the  aggregate  component  of  the  asphaltic  concrete  are  shown 

1* 


in  figure  1.  Of  the  five  test  items  included  in  the  original  study,  three 
were  considered  in  this  analysis.  A  longitudinal  section  of  these  items  is 
shown  in  figure  2.  As  can  be  seen,  items  1,  2,  and  3  had  total  thicknesses  of 
15,  2h ,  and  33  in.,  respectively,  above  the  subgrade.  Mix  design  data  for  +he 
asphaltic  concrete  are  shown  in  figure  3.  A  summary  of  field  in-place  CBR, 
water  content,  and  dry  density  data  for  the  granular  materials  and  subgrade 
immediately  after  construction  is  given  in  table  I.  Properties  of  the  asphal¬ 
tic  concrete  wearing  course  as  determined  from  field  cores  are  shown  in 
table  II.  Tbe  asphaltic  concrete,  base  course,  and  subbase  course  materials 
were  designed  to  conform  to  the  requirements  set  forth  in  references  6-8. 
b .  Test  Loads 

Wheel  and  assembly  loadings  involved  in  the  analysis  of  the  MWHGL 
test  section  that  were  considered  in  the  study  reported  herein  are  given 
below: 

Assembly  Tire  Contact  2 

Con figuration  Load,  kips  Pressure,  psi  Area,  in,^ 


12  wheel  (C-5A) 

360 

100 

ro 

03 

V/l 

Single-wheel 

30 

100 

285 

50 

165 

285 

75 

250 

270 

3.  BITUMINOUS-STABILIZED  BASE  COURSE  STUDY 
a.  Pavements 

Four  types  of  pavements  were  involved  in  this  study  (figure  U) . 

Items  1  and  2  each  had  a  total  thickness  of  15  in.,  and  items  3  and  I4  each 
were  2h  in.  thick.  Item  1  consisted  of  a  3-in. -thick  asphaltic  concrete  wear¬ 
ing  course  over  a  12-in. -thick  bituminous-stabilized  base  course.  The  asphal¬ 
tic  concrete  wearing  course  was  designed  to  conform  to  the  specifications  in 
reference  6.  The  base  course  consisted  of  a  gravelly  sand  treated  with 


Gradation  and  classification  data  for  base,  subbase,  and  subgrade  materials  and  for  the 
aggregate  component  of  the  asphaltic  concrete  of  the  KWHGL  test  section. 


Figure  2.  Longitudinal  section  of  MWHGL  test  section. 


ASPHALT  CONTENT,  •/o 


40  45  50  55  60  65 

ASPHALT  CONTENT,  V. 


Figure  3.  Laboratory  mix  design  properties  of  asphaltic  concrete 
wearing  course  for  MWHGL  test  section. 
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Table  II 


Physical  Properti 

es  of  Asphaltic  Concrete 

Wearing 

Course 

of  MWHGL 

Test 

Section 

Unit  Wt 

Percent 

Asphalt 

Sta¬ 

Flow 

Percent 

Voids 

Total 

Plant 

Test 

Content 

bility 

1/100 

Total 

Mix 

Laboratory 

Item 

Coverages 

%  Total  Wt 

lb 

in. 

Mix  Filled/AC 

pcf 

Density 

Laboratory  Mix 

Design* 

-- 

-- 

5.0 

2420 

14 

4.1 

74.0 

150.9 

-- 

Plant-Mixed.  Laboratory' 

-Compacted 

Samples* 

-- 

-- 

5.0 

2200 

10 

4.5 

73.0 

150.3 

100.0 

Field 

Cores** 

1-5 

0 

5.0 

650 

9 

7.5 

60.5 

145.4 

96.8 

1 

12 

5.0 

1310 

18 

6.6 

63.6 

147.0 

97.5 

2 

200 

5.0 

1362 

18 

6.0 

65.9 

147.8 

98.0 

3 

3334 

5.0 

1593 

15 

4.3 

73.3 

150.6 

100.2 

4 

3343 

5.0 

1455 

16 

4.5 

70.6 

149.7 

99.3 

5 

3848 

5.0 

1700 

16 

3.7 

76.8 

151.5 

100.8 

*  Specimens  compacted  by  gyratory  compaction,  200-psi  pressure,  l-deg  pitch, 
and  30  revolutions. 

**  Field  cores  obtained  from  traffic  lane  1,  360,000-lb,  12-wheel  gear  assembly. 


6.5  percent  portland  cement  and  2.9  percent  85-100  penetration  grade  asphalt 
cement.  Gradations  of  the  aggregate  portions  of  the  wearing  and  base  courses 
are  shown  in  figure  5.  Mix  design  properties  for  both  materials  are  shown  in 
figures  6  and  7.  Properties  of  the  surface,  base,  and  subbase  materials  as 
constructed  and  after  traffic  as  determined  from  field  cores,  are  indicated 
in  table  III.  Item  2  consisted  of  a  full  15-in.  thickness  of  asphaltic  con¬ 
crete  designed  to  meet  surface  course  specifications  (reference  6).  Field 
properties  of  this  material  are  also  indicated  in  table  III.  Item  3  consisted 
of  9  in.  of  asphaltic  concrete  over  15  in.  of  gravelly  sand  treated  with  2.9 
percent  85-100  penetration  grade  asphalt  cement.  Item  ^  was  the  same  as 
items  3  except  that  the  gravelly  sand  was  untreated.  Design  mix  properties 
of  the  base  course  in  item  3  are  indicated  in  figure  8.  The  gravelly  sand 
used  in  items  3  and  l  was  similar  to  the  subbase  material  used  in  the  MWHGL 
test  section.  Properties  of  the  field  mix  as  determined  from  core  samples  in 
items  3  and  I4  are  shown  in  table  III.  Actual  asphalt  content  of  the  various 
materials  are  indicated  in  figure  14.  Field  in-place  CBR,  water  content,  and 
dry  density  data  for  the  subgrade  material  and  for  the  base  course  in  item  ^ 
are  shown  in  table  IV. 
b .  Test  Loads 

V/heel  and  assembly  loadings  involved  from  the  bituminous-stabilized 
base  course  test  section  that  were  considered  in  the  study  reported  herein  are 


given  below: 

Configuration 

Assembly 

Load,  kips 

Tire 

Pressure,  psi 

Contact  , 
Area,  in.‘ 

12-wheel  (C-5A) 

360 

100 

285 

Single-wheel 

30 

100 

285 

Single-V/heel 

75 

290 

270 

12 


Gradations  of  aggregate  portion'  of  wearing  and  base  courses  of  the  bituminous  base  course 
test  section. 
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asphalt  content,  % 


NOTE  THIS  MIX  USED  FOR  THE 
BASE  COURSE  IN  ITEM  I 


A  S  5  0  5  5  e.O  <  3 

ASPHALT  CONTENT.  % 


Laboratory  mix  design  properties  (50-blow  compaction)  of 
gravelly  sand  with  6.5  percent  cement  filler  used  as  basi 
course  of  item  1,  bituminous  base  course  test  section. 


paction. 


ASPHALT  CONTENT,  V. 


NOTE  THIS  MIX  USED  FOR  THE 

SUBBASE  COURSE  IN  ITEM  3 


ASPHALT  CONTENT,  % 


Laboratory  mix  design  properties  (50-blow  compaction)  of 
gravelly  sand  used  as  base  course  of  item  3,  bituminous 
base  course  test  section. 


Figure  8 


— 

— 

— 

_ 

1 

\ 

_ ! 

n 

— 

_ _ 

L 

i 

r 

V 

\ 

/ 

\. 

1 

_ 

< 

f 

— 

— 

— 

— ~ 

/ 

T 

/ 

r 

- — j 

Suerairy  of  As- Constructed  Thickness,  CBR.  Water  Content,  and  Penalty  Data 
Bltum? nouB-Stabllliecl  Rase  Course  Study 


AFWL-TR-73-21 


+J  ►> 

C  lA  4> 

1)  iA  •h  ®  f —  C —  VO  CO  t —  t  Qs 

o  Vi  I  I  ON  I  I  Os  Os  Os  I  I  I  Os  Os  Os  III  On  I 

U  M  C  < 

V  U  jt 

ft*  o 


V*I»A  * 

Cj|lA<-  -  O  O  o  £- 

mJ  m  i  i  os  i  i  os  os  ao 


*H  O  Os  Q  CO 

I  I  I  ON  Os  CD  I  I  I  O,  CO 


n  4> 

C  o 

r  Ct)  O  CO  VO  -3  CO  lA^ 

fl  f!'*'  •  ...  ... 

cue  iir—  i  i  vo  no  i/v  i  i  i  on  £-  so 
y  w  co  or  co  co  oo  co  CD 

b  C 


i  i  i  o  i 

00 


i*  c 

4/  4/ 

♦J  *J  W  I 
43  C 

*<s 


O  O  CM 

n  n  n 


Os  O  H 

CM  on  on 


CM  on  co 

IA  OJ  lA 


.3 

CO 

m 

-3 

SO 

c0 

co 

V0 

-3 

on 

on 

rH 

CM 

CM 

lA 

lA 

-3 

rH 

rH 

CM 

CM 

-J  o 

CM  VO 

O  O  CO 

VO  CO  O 

V£>  O 

rH  0- 

O  CM  VO 

f—  CO  O 

CM  CM 

on  rH 

mh-  on 

CM  ITS  lA 

fH 

rH 

rH 

rH 

03  0“  Os  Os  Os 
CO  IAIA  O  IA 


ro  m  CVJ  CM  fH 
Os  Os  ON  C  Os 


on  on  cm  h  h  o 

Os  Os  O'  Os  Os  Os 
rH  H  H  i — I  H  rH 


vc  n  j  oc\ 

-3  cm  r-  -j  Os 


on  on  cm  h  o 

Os  Os  Os  Os  Os 


Ij  g 

0X3'— 
u  <c 

N  «J 
U  *H  X) 

y  h  i3 

«  VH  ^ 

V*  4)  « 

b  «s  P 

3  -P  3 
WWW 


«  o  r-^ 

5 ,066 

?fT" 

4J  «  *Q 

U  C  to 

tf  ®  h 
4*  4*  5) 
u  y  p 
3  3  3 
WWW 


10  fii  3 

U  VI  X  71  X 
3  X  O  &  O 


&  S3S 

w  w  w  w 


&  u 
O  W 
Cl  « 

1  £ 

•  a  i 

m  &  —  •- 

£  *  ”2  B  : 

O  *1  N  v 

o  a 

I  rH  4) 

4)  4J  <*-*  T7 
O  O  ,T>  ert 
43  43  a3  u 
4h  4*  ♦*  tfl 
h  ^  Vi  fit 

3  3  G  3 
M  W  DW 


H  ^  u 

01  O  4 

+»  „  > 
••h  G 

0  4) 
V*  v4  y 
O  4J  « 

ft  rH 
4*  *h  a 
4;  u  I 
♦’  U  c 

G  O  -*H 

4>  4) 

O  U  -O 

rt 

C  i>  01 

•rt  ♦>  *< 
41  SM 
4>  *-o 

1  &U 

d  o 

o  * 

0)  *J 

co® 

41  V*  c 

fl  43 

4l  *H  *X3 


AFWL-TR-73-21 


1*.  STRUCTURAL  LAYERS  IN  FLEXIBLE  PAVEMENTS 
a.  Pavements 

This  test  involved  four  types  of  pavements,  each  2k  in.  thick  and 
constructed  on  a  heavy  clay  subgrade.  A  longitudinal  section  of  these  pave¬ 
ments  is  shown  in  figure  9.  All  items  had  a  3-in. -thick  asphaltic  concrete 
wearing  course  designed  to  meet  the  specifications  given  in  reference  6.  Mix 
design  properties  of  this  material  are  shown  in  figure  10.  Properties  of  in- 
place  asphaltic  concrete  as  determined  from  core  samples  are  indicated  in 
table  V.  Items  1  and  2  each  had  a  6-in. -thick  base  course  of  crushed  lime¬ 
stone  graded  to  conform  to  specification  requirements  given  in  reference  7. 
Under  the  base  course  in  item  1,  there  was  a  15-in. -thick  layer  of  compacted 
lean  clay  treated  with  slaked  lime  at  a  rate  of  3.5  percent  by  dry  soil 
weight.  This  layer  essentially  served  as  a  subbase  course.  Item  2  included 
a  layer  of  compacted  lean  clay  that  was  treated  with  portland  cement  at  a  rate 
of  10  percent  by  dry  soil  weight.  Item  3  consisted  of  the  3-in. -thick  wearing 
course  over  21  in.  of  crushed  limestone  similar  to  the  base  course  in  items  1 
ar.d  2.  Item  k  consisted  of  3  in.  of  asphaltic  concrete  over  21  in.  of  clayey 
gravelly  sand  stabilized  with  portland  cement  applied  at  a  rate  of  6.0  percent 
by  dry  soil  weight.  Gradation  and  classification  data  for  the  crushed  lime¬ 
stone,  clayey  gravelly  sand,  aggregate  portion  of  the  asphaltic  concrete,  and 
the  lean  clay,  are  shown  in  figure  11.  A  summary  of  field  in-place  CBR ,  dry 
density,  and  moisture  content  data  for  the  various  soils  after  construction  is 
shown  in  table  VI. 
b .  Test  Loads 

Wheel  and  assembly  loadings  from  the  structural  layer  tests  that  were 
considered  in  this  study  are  given  below: 
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THICKNESS,  IN 


ASPHALTIC  CONCRETE 


•CRUSHED  STONE  BASE 


6  %  CEMENT- 
STABILIZED  CLAYEY 
GRAVELLY  SAND 
(SP-SC) 

BASE 

' / / / /////// j 


3 /•>  %  LIME- 
STABILIZEO  LEAN 
CLAY  (CL) 
SUBBASE 


10  °/o  CEMENT- 
STABILIZED  LEAN 
CLAY  (CL) 
SUBBASE 


Lon*  tudinal  section  of  test  section  for  the  evaluation  of 
structural  layers  in  flexible  pavement 


Figure  9 


w  3000 


BITUMEN  CONTENT. 


BITUMEN  CONTENT ,  % 


Laboratory  mix  design  properties  (75-blow  compaction)  of  the 
asphaltic  concrete  wearing  course  for  the  structural  layers 
test  section. 


Table  V 


Physical  Properties  of  Asphaltic  Concrete  Wearing  Course 


for  Structural  Layers  Test  Section 


Unit  Wt  Percent 


Test 

Item 

Coverages 

Asphalt 
Content 
%  Total  Wt 

Sta¬ 

bility 

lb 

Flow 

1/100 

in. 

Percent  Voids 
Total 

Mix  Filled/AC 

Total 

Mix 

pcf 

Plant 

Laboratory 

Density 

Plant-Mixed 

1.  Laboratory-Compacted 

Samples 

-- 

-- 

4.0 

3673 

9 

4.3 

69.1 

154.4 

100.0 

Field 

Cores  - 

Prior 

to  Traffic 

1 

0 

4.0 

1274 

18 

6.3 

59.9 

151.3 

98.0 

2 

0 

4.0 

1108 

15 

7.5 

55.6 

149.3 

96.7 

3 

0 

4.0 

1253 

18 

6.0 

61.4 

151.8 

98.3 

4 

0 

4.0 

1099 

18 

7.0 

57.5 

150.1 

97.2 

Field  Cores 

-  After  Traffic 

1 

198 

4.0 

780 

28 

8.6 

51.6 

147.4 

95.5 

0 

4.0 

966 

19 

6.9 

57.6 

150.2 

97.3 

2 

1,342 

4.0 

912 

24 

6.1 

60.9 

151.6 

98.2 

0 

4.0 

854 

22 

6.4 

59.6 

151.1 

97.9 

3 

5,037 

4.0 

1108 

26 

5.1 

65.2 

153.2 

99.2 

0 

4.0 

1182 

22 

5.8 

62.1 

151.9 

98.4 

4 

10,406 

4.0 

1184 

22 

6.1 

60.9 

151.5 

98.1 

0 

4.0 

1267 

21 

6.0 

61.2 

151.7 

98.3 

i 

t 


?? 


Gradation  and  classification  data  for  base,  subbase,  and  subgrade  materials  and  for  the 
aggregate  component  of  the  asphaltic  concrete  of  the  structural  layers  test  section. 
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Configuration 

Assembly 
Load,  kips 

Tire 

Pressure,  psi 

Contact  g 
Area,  in. 

12 -wheel* 

360 

100 

285 

Single-wheel 

30 

100 

285 

Single-wheel 

50 

170 

280 

* 

Initial  analytical  studies  showed  that  practically  identical  results  were 
obtained  when  using  either  the  12-wheel  load  or  the  6-wheel  load.  Therefore, 
to  conserve  computer  time,  the  6-wheel  load  was  used. 

c.  Instrumentation 

(l)  Description.  Both  stress  and  strain  sensors  were  placed  in  each 
item  of  the  test  section  during  construction.  The  strain  gage  system  con¬ 
sisted  of  paired  strain  sensors  with  an  external  instrument  package,  all  manu¬ 
factured  by  the  Bison  Instrument  Co.  The  strain  sensors  used  in  this  test 
were  l4-in.-diam  disk-shaped  coils  (see  figure  12)  installed  as  shown  in 
figure  13.  The  strain  sensors  were  imbedded  in  the  soil  in  face-to-face 
vertical  and  horizontal  alinement ;  the  distance  between  any  two  sensors  was 
then  related  by  electromagnetic  coupling.  By  means  of  an  inductance  bridge, 
output  voltages  were  used  to  determine  gage  separation,  or  strain,  since  a 
change  in  the  initial  spacing  caused  a  corresponding  bridge  unbalance.  The 
pressure  cells  were  6  in.  in  diameter  and  were  fabricated  at  the  WES  from 
stainless  steel.  Each  cell  consists  of  a  mercury-filled  chamber  with  a  dia¬ 
phragm  and  a  full  Wheatstone  bridge  circuit  utilizing  four  SR-k  strain  gages 
hermetically  sealed  within  the  cell,  as  shown  in  figure  ll+.  Pressure  applied 
to  the  faceplate  of  the  cell  is  transmitted  through  the  mercury  in  the  fluid 
chamber  to  an  internal  flexible  diaphragm  to  produce  deflection  of  the  dia¬ 
phragm  proportional  to  the  load.  The  four  SR-h  strain  gages  are  mounted  on 
the  diaphragm  and  are  actuated  by  its  deflection. 
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(2)  Location.  Locations  of  the  sensors  are  shown  in  figure  13.  In 
each  item,  strain  gages  were  positioned  in  vertical  columns  at  depths  of  3,  9, 
2i. ,  and  33  in.  below  the  pavement  surface.  In  items  1  and  2,  the  3-,  9-,  and 
2— in.  depths  corresponded  to  layer  interfaces,  e.g.,  the  interface  between 
the  wearing  and  base  courses  at  the  3-in.  depth,  and  so  on.  In  items  3  and  U , 
only  the  3-  and  2^-in.  depths  corresponded  to  layer  interfaces,  while  the  gage 
at  the  9-in.  depth  was  imbedded  within  the  second  layer.  In  all  items  the 
gage  at  the  33-in.  depth  was  positioned  within  the  subgrade.  Two  vertical 
columns  of  strain  gages  were  located  in  each  item  a.id  the  columns  were  spaced 
53  in.  apart.  In  items  2  and  h,  pairs  of  strain  gages  were  also  positioned  to 
obtain  horizontal  strain  readings  in  the  longitudinal  and  transverse  direc¬ 
tions  with  respect  to  the  test  section.  Two  pairs  of  gages  were  positioned 

at  the  l6. 5-in.  depth  and  two  additional  pairs  were  set  at  the  28.5-in.  depth. 
Ir.  addition  to  strain  gages,  two  WES  pressure  cells  were  included  in  each 
item.  These  cells  were  all  located  a-*-  tb  interface  of  the  subgrade  and  the  . 
next  overlying  layer. 

(3)  Data  acquisition.  Stress  and  strain  data  were  obtained  with 
various  wheel  loads  and  gear  configurations.  The  data  included  in  this  report 
wer'-  obtained  with  the  loads  in  a  static  position.  These  data  are  presented 
in  Appendix  I.  The  coordinate  systems  to  which  the  various  stress  and  strain 
readings  are  referenced  are  oriented  with  respect  to  the  loading  assembly 
configuration  (figure  15).  For  the  single-wheel  load,  a  cylindrical  coordi¬ 
nate  system  is  used  with  the  origin  coincident  with  the  center  of  the  contact 
area.  For  the  12-wheel  assembly,  a  Cartesian  coordinate  system  was  selected 
that,  was  oriented  with  respect  to  the  12-wheel  assembly  as  shown  in  figure  15. 
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Figure  15.  Coordinate  systems  for  12-wheel  and  single-wheel  assemblies. 
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SECTION  III 


METHODS  OF  ANALYSIS  AND  BEHAVIORAL  CHARACTERIZATION  OF  MATERIALS 

1.  METHODS  OF  ANALYSIS 
a.  Approach 

For  the  analysis  of  pavement  systems,  the  most  commonly  used  tech¬ 
niques  are  the  Westergaard  method,  multilayer  theory,  and  the  finite  differ¬ 
ence  and  finite  element  approaches.  To  date  the  Westergaard  and  finite 
difference  methods  have  been  used  primarily  for  the  analysis  of  rigid  pave¬ 
ments;  while  multilayer  theory  has  been  used  for  the  analysis  of  flexible 
pavements.  Most  recently,  the  finite  element  procedure  has  gained  acceptance 
in  the  analysis  of  both  rigid  and  flexible  pavements. 

When  the  pavement  is  considered  to  be  linearly  elastic,  many  investi¬ 
gators  have  felt  that  the  multilayer  theory  yields  results  comparable  to  those 
obtained  by  the  finite  element  solution.  In  general,  the  programs  utilizing 
the  multilayer  theory  are  simpler,  eusier  to  use,  and  more  economical  than 
finite  element  programs.  This  is  particularly  true  when  multiple-wheel 
loadings  are  encountered,  such  as  is  the  case  of  the  loading  by  the  C-5A 
landing  gear. 

For  these  reasons,  in  conjunction  with  the  fact  that  laboratory 
response  data  were  not  available  for  a  nonlinear  analysis,  the  elastic  theory 
was  chosen  as  the  primary  analysis  tool.  It  was  recognized  that  pavement 
materials  are  not  truly  linearly  elastic  and  that  the  computed  response  values 
would  not  necessarily  be  true  values;  however,  an  investigation  was  made  of 
the  prospect  that  some  computed  pavement  response  parameter  could  be  corre¬ 
lated  with  pavement  performance  to  yield  a  basis  for  a  pavement  design  pro¬ 
cedure.  The  development  of  such  a  basis  could  be  expanded  through  further 
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investigation  and  extensive  laboratory  tests  for  a  nonlinear  analysis  of 
pavements  similar  to  the  types  of  pavements  involved  in  this  study.  For  com¬ 
parison  with  the  layer  theory  analysis,  a  limited  analysis  was  also  conducted 
utilizing  linear  and  nonlinear  finite  element  programs, 
b.  Computer  Programs 

Three  basic  computer  programs  were  used  in  the  analysis  phase  of  this 
investigation:  the  CHEVRON,  FEPAVE  II,  and  AFPAV  programs.  In  each  program 
input  is  provided  in  terms  of  static  loading  conditions,  pavement  geometry, 
and  material  structural  characteristics,  i.e.,  elastic  modulus  and  Poisson's 
ratio.  Material  response  is  given  in  terms  of  stress,  strain,  and/or  deflec¬ 
tion.  The  coordinate  systems  used  in  the  computations  are  shown  in  figure  15. 
The  three  programs  are  described  below: 

(1)  CHEVRON.  Linearly  elastic  layer  theory  analysis  of  the  various 
pavements  was  performed  utilizing  a  basic  computer  program  developed  by  the 
Chevron  Research  Company  (reference  2).  The  program  produces  the  coordinate 
stresses,  strains,  and  deformations  at  selected  points  in  a  pavement  system 
subjected  to  a  single  load  uniformly  distributed  on  a  circular  area.  The 
pavement  system  may  have  any  number  of  layers  with  the  interface  between 
layers  being  considered  rough.  The  program  was  modified  to  run  on  a  GE  600 
computer,  to  handle  multiple-wheel  loading,  and  to  compute  principal  stresses 
and  strains. 

(2)  FEPAVE  II.  The  finite  element  program  used  in  the  analysis  was 
obtained  from  the  University  of  California  at  Berkeley  through  Professor  Carl 
Monismith.  The  program  is  an  axisymmetric  program  (based  on  a  program  devel¬ 
oped  by  Professor  E.  L.  Wilson  and  reported  in  reference  9)  which  utilizes  a 
single  forward  step  incremental  loading  employing  the  tangent  modulus  with 
accumulation  of  stresses  and  strains. 
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The  program  had  been  specially  adapted  for  pavement  analysis  such 
that  data  could  be  input  with  a  minimum  of  effort  and  material  characteriza¬ 
tion  where  those  -typically  used  in  pavement  analysis.  The  mesh  is  automati¬ 
cally  generated  in  a  layered  system  and  materials  divided  by  layers. 

(3)  AFPAV.  The  AFPAV  code  is  a  linearly  elastic  finite  element  code 
utilizing  prismatic  elements  and  a  Fourier  series  representation  of  the  loads 
reference  10).  The  code  was  developed  by  the  Naval  Civil  Engineering  Labora¬ 
tory  for  the  Air  Force  Weapons  Laboratory  (AFWL)  as  a  special  program  for 
analyzing  three-dimensional  loadings  of  pavement  systems.  Extensive  work  with 
the  AFPAV  code  has  been  accomplished  by  Pichumani  as  reported  in  reference  10. 
2.  CHARACTERIZATION  OF  MATERIALS 
a.  General 

In  all  the  methods  of  analysis  used  in  this  investigation,  the  struc¬ 
tural  characteristics  of  the  materials  comprising  any  layer  of  the  pavement 
under  consideration  were  defined  in  terms  of  modulus  of  elasticity  and 
Poisson's  ratio.  In  the  CHEVRON  program,  materials  within  any  given  .layer  are 
considered  to  be  linearly  elastic  and,  therefore,  the  elastic  modulus  and 
Poisson's  ratio  are  constant.  The  AFPAV  program  also  utilizes  the  linear  elas¬ 
ticity  approach;  therefore,  the  material  structural  characteristics  within 
each  prismatic  element  are  similarly  constant.  Structural  characterization  of 
materials  for  the  FFPAVE  II  program  can  involve  either  a  linear  or  a  nonlinear 
approach.  For  the  latter,  suitable  expressions  must  be  assumed  for  the  elas¬ 
tic  modulus.  However,  Poisson's  ratio  must  be  assumed  to  be  constant.  In  this 
investigation,  four  different  basic  material  types  were  considered.  These  were 
(l)  Asphalt-treated  granular  materials,  such  as  the  asphaltic  con¬ 
crete  wearing  course  and  the  asphalt-bound  materials  used  in  the  bituminous 
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(2)  Unbound  granular  materials,  such  as  the  crushed  limestone  and 
the  gravelly  sand  materials. 

(3)  Stabilized  or  cemented  materials  that  depend  to  some  degree  on 
pozzalanic  action  for  stability,  such  as  the  cement-treated  lean  clay  and 
clayey  gravelly  sand  and  the  lime-treated  lean  clay. 

(L)  The  heavy  clay  subgrade. 

Characterizations  of  each  material  type  are  discussed  below, 
b.  Asphalt-Stabilized  Materials 

The  response  of  asphaltic  concrete  to  load  is  greatly  dependent  on 
the  temperature  of  the  material.  Within  the  range  of  temperatures  that  exist 
in  a  pavement  surface,  the  E-modulus  has  been  shown  to  vary  by  more  than  an 
order  of  magnitude.  The  relationship  between  temperature  and  E-modulus  for  a 
moving  load  shown  in  figure  1 6  was  published  by  the  Shell  International  Petro¬ 
leum  Company  (reference  11).  A  comparison  of  these  moduli  with  values  deter¬ 
mined  by  the  Asphalt  Institute  for  beam  samples  taken  from  the  WES  bituminous 
base  course  test  section  can  be  seen  in  table  VII. *  'The  Asphalt  Institute 
data  indicate  a  variation  of  stiffness  moduli  of  from  53,000  to  1,1+60,000  psi. 
These  tests  were  conducted  at  various  stress  levels  and  at  a  constant  tempera¬ 
ture  of  approximately  80°  F. 

Surface  temperatures  in  asphaltic  concrete  versus  volume  of  test  traf¬ 
fic  applied  as  determined  during  the  MWHGL  tests  at  the  WES  are  shown  in 
figure  17.  These  tests  were  conducted  during  the  period  June-August  1970.  As 
can  be  seen,  surface  temperature  ranges  varied  from  60  to  70°  F  in  lane  2A, 
and  from  90  to  135°  F  in  lane  1,  during  the  period  test  traffic  was  applied 

_ 

Information  transmitted  to  WES  in  a  letter  from  the  Asphalt  Institute 
Laboratory,  College  Park,  Maryland,  dated  5  April  1971. 
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Flexural-Fatigue  of  Asphaltic  Concrete  and 
Hot-Mix  Gravelly  Sand  Beam  Samples  from 
Bituminous  Base  Course  Test  Section* 
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in  each.  Therefore,  it  was  determined  that  modulus  values  for  asphaltic  con¬ 
crete  should  be  based  on  both  a  low-temperature  and  a  high- temperature 
condition. 

Based  on  the  foregoing  data,  it  was  determined  that  typical  low  and 
high  temperature  modulus  values  of  300,000  and  50,000  psi,  respectively, 
should  be  used.  Data  from  the  literature  indicate  a  typical  value  of  0.5 
would  be  suitable  for  Poisson's  ratio, 
c.  Unbound  Granular  Materials 

In  the  analysis  of  layered  systems  by  the  Shell  International  Petro¬ 
leum  Company  (references  11,  12),  the  quasi  E-modulus  for  granular  materials 
was  selected  based  on  the  thickness  of  the  granular  layer  and  on  the  E-modulus 
of  the  underlying  layer.  It  was  found  that  the  modulus  of  the  granular  mate¬ 
rial  was  between  two  to  five  times  the  modulus  of  the  underlying  layer. 

Figure  18  jives  the  comparison  of  the  E-modulus  of  the  granular  materials  and 
the  E-modulus  of  the  lower  layer.  Figure  19  presents  the  relationship  between 
layer  thickness  and  the  ratio  E^/E^  where  E^  is  the  modulus  of  granular  mate¬ 
rial  and  E^  is  the  modulus  of  the  layer  below  the  granular  materials. 

Other  researchers  (references  13-17)  have  used  a  direct  relationship 
between  the  modulus  and  the  state  of  stress  existing  in  the  material.  The 
three  principal  relationships  that  have  been  proposed  are: 


“b  -  V3  2 

(1) 

“b  ■  k;°k2 

(2) 

M  =  K"  +  2K"  c 

2  3  r 

(3) 

Values  of  K. ,  ,  K^,  which  have  been  proposed  for  different  granular  mate¬ 

rials,  are  listed  in  table  VIII.  Equations  1  and  2  are  from  reference  lU; 
equation  3  is  from  reference  16. 
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Table  VIII 

Material  Constant  Values  Proposed 
for  Various  Granular  Materials 
by  Other  Researchers 


No.* 

Description 

Constants 

Reference 

K2 

Expression: 

(reference 

14) 

K1 

K2 

1 

Dry,  partially  crushed  gravel 

10,094 

0.580 

14 

2 

Dry,  crushed  gravel 

13,126 

0.550 

14 

3 

Partially  saturated,  partially 

crushed  gravel 

7,650 

0.591 

14 

4 

Partially  saturated,  crushed  gravel 

8,813 

0.569 

14 

5 

Saturated,  partially  crushed  gravel 

9,894 

0.528 

14 

6 

San  Diego  base 

12,225 

0.540 

14 

7 

Gonzales  Bypass  base 

15,000 

0.480 

17 

8 

Gonzales  Bypass  subbase 

10,000 

0.400 

17 

9 

Morro  Bay  base 

11,800 

0.390 

13 

10 

Morro  Bay  subbase 

6,310 

0.430 

13 

K2 

Expression:  MR  =  1^9 

(reference  ] 

14) 

S 

if' 

k2 

11 

San  Diego  base 

3,933 

0.61 

14 

12 

Dry,  crushed  gravel 

2,156 

0.71 

14 

13 

Partially  saturated,  crushed  gravel 

2,033 

0.67 

14 

14 

Morro  Bay  subbase 

2,900 

0.47 

13,18 

15 

Morro  Bay  base 

3,030 

0.53 

13,18 

Expression:  M  =  +  2K^' 

o^  (reference  16) 

K2 

K3 

16 

Crushed  limestone 

4,856 

390 

16 

17 

Crushed  limestone  after  36,000 

repetitions 

37,710 

1082 

16 

*  Some  material  numbers  correspond  to  curve  numbers  shown  in  figure 


20. 


>43 


appeared  to 


Of  the  relationships  studied,  the  expression 
be  most  adatable  for  use  in  this  study,  especially  since  it  can  be  applied 
to  both  linear  and  nonlinear  analysis.  For  comparison,  several  relationships 
between  modulus  and  confining  pressure  were  determined  from  equations  1  and  3 
using  various  material  constant  values  from  references  lh,  l6,  and  17.  These 
relationships  are  presented  in  figure  20.  The  number  shown  for  each  curve  in 
figure  20  indicates  a  corresponding  set  of  material  constants  and  the  exr"-  3- 
sion  in  which  they  are  used  as  presented  in  table  VIII.  As  can  be  seen,  the 
relationships  proposed  by  Hicks  in  reference  lU  produce  E- values  that  are 
between  those  obtained  by  the  relationships  proposed  by  Dunlap  (reference  If). 
Therefore,  Hicks'  values  of  =  13,126  and  =  0.55  for  dry  crushed  gravel 
and  K1  =  7,650  and  =  0.591  for  partially  saturated  gravel  would  serve  as 
reasonable  estimates  of  the  and  values  for  the  crushed  limestone  and 
gravelly  sand  subbase,  respectively.  Thus  curve  2  of  figure  20  would  repre¬ 
sent  the  modulus -stress  relationship  for  the  crushed  limestone,  and  curve  3 
would  represent  the  modulus-stress  relationship  for  the  gravelly  sand. 

In  work  by  various  researchers,  estimated  values  for  Poisson's  ratio 
v  varied  from  0.25  to  0.U,  Therefore,  an  estimated  value  of  v  =  0.3  was 
selected  for  this  study. 

d.  Cement-  and  Lime-Stabilized  Materials 

Since  the  tensile  strength  of  stabilized  layers  is  considerably  lower 
than  the  compressive  strength,  it  was  decided  to  investigate  the  properties  of 
these  materials  from  a  tensile  standpoint.  Therefore,  indirect  tensile  tests 
were  conducted  utilizing  equipment  identical  to  that  described  in  reference  19 
and  the  elastic  constants  evaluated  by  an  approach  described  in  reference  20, 


which  was  based  upon  an  analysis  from  reference  21.  For  the  indirect  tensile 
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Figure  20.  Elastic  modulus  versus  confining  pressure 
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tests,  the  lean  clay  plus  cement  and  the  lean  clay  plus  lime  specimens  were 
lj.0  in.  in  diameter  by  2.5  in.  in  thickness.  Because  the  clayey  gravelly  sand 
contained  gravel  exceeding  the  No.  U  sieve  size,  it  was  necessary  to  use  a 
6-in.-diam  by  h.  5-in. -high  CBR  mold.  All  specimens  were  impact- compacted  in 
the  laboratory  to  comparable  densities  and  moisture  conditions  of  the  previ¬ 
ously  trafficked  stabilized  test  sections  at  WES. 

A  major  problem  encountered  in  the  tensile  tests  was  the  accurate 
measurement  of  the  horizontal  deformations,  which  were  often  in  the  order  of 
magnitude  of  O.OOOh  in.  at  failure.  As  a  result  of  this  difficulty,  the 
Poisson's  ratios  calculated  from  the  experimental  data  were  often  unacceptable; 
i.e.,  negative  values  were  obtained.  The  problem  was  not  quite  so  acute  for 
the  6-in.-diam  specimens  as  the  deformations  were  larger;  however,  it  is  still 
felt  that  these  measurements  are  probably  inaccurate. 

The  modulus  of  elasticity  and  Poisson's  ratio  values  as  determined  by 
indirect  tensile  tests  are  presented  in  table  IX.  In  general,  the  values 
listed  represent  the  average  of  results  of  three  tests.  In  the  table,  elas¬ 
ticity  values  based  upon  the  horizontal  deformations  and  vertical  defor¬ 
mations  are  given.  Since  the  experimentally  determined  Poisson's  ratios 

were  unrealistic,  an  appropriate  value  for  Poisson's  ratio  (0.25)  was  assumed 
and  the  E^  and  E^  values  were  recalculated.  These  recalculated  values  are 

listed  as  modified  E.  and  E  .  It  was  determined  that  modified  E  values 

n  v  v 

would  be  more  appropriate  for  U3e  in  this  study.  The  basis  for  this  decision 
was  twofold: 

(1)  In  pavement  systems,  the  primary  loads  are  applied  vertically. 

(2)  Ev  values  are  relatively  insensitive  to  Poisson's  ratio;  there¬ 
fore,  use  of  E^  would  avoid  the  previously  mentioned  problem  of  experimen¬ 
tally  determining  Poisson's  ratio.  The  test  results  for  E.  and  E  indicated 
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Table  IX 

Tensile  Strength  and  Modulus  of  Elasticity 
of  Cement-Stabilized  Materials 


Indirect 

Modulus 

of  Elasticity,  psi* 

xensi ie 
Strength 
psi 

Determined  by  Test 

Modified** 

Material 

Eh 

E 

V 

Eh 

E 

V 

Lean  clay  -  37.  cement 

14.7 

0.85x1 

io4 

0.85 

X 

104 

0.99  x  104 

0.84 

X 

io4 

107a  cement 

42.5 

5.91  x 

104 

4.69 

X 

io4 

3.09  x  103 

4.69 

X 

io4 

3.57a  lime 

7.3 

1.35  x 

104 

1.31 

X 

io4 

9.385  x  104 

1.35 

X 

io4 

Clayey  gravelly  sand 

37.  cement 

18.4 

3.13  x 

104 

3.11 

X 

104 

2.77  x  104 

3.11 

X 

io4 

10 70  cement 

141 

2.19  x 

10  3 

2.23 

X 

io5 

6.23  x  103 

2.23 

X 

io3 

*  K.  =  modulus  of  elasticity  based  on  horizontal  deformation 
h 

E  =  modulus  of  elasticity  based  on  vertical  deformation 
v 

**  Moduli  calculated  using  v>  =  0.25 
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in  table  IX  indicate  that  the  specimens  behaved  isotropically;  i.e.,  and 
are  approximately  equal. 

The  E- values  indicated  above  were  used  as  constants  in  the  linear 
analysis.  For  the  nonlinear  analysis,  only  the  cement-stabilized  lean  clay 
was  considered.  In  characterizing  this  material,  the  expression  used  was 
E  =  K  ^  Kg  -  log  o^j  1^3  ,  which  was  developed  at  the  University  of  California 
(reference  21 ). 


where  K^,  K,  ,  K.  ,  and  are  material  constants  and  is  deviator  stress.  In 
earlier  work  by  Hf'ukelom  and  Foster  (reference  23),  a  simpler  relationship  was 
found  between  dynamic  E-modulus  and  CBR,  which  was  given  in  the  reference  as 

E(MN2)  =  110 (CBR) 

or  as  reported  by  Peattie  (reference  2h) 

E(psi)  =  1560(CBR) 

Of  the  two  means  of  determining  a  usable  expression  for  subgrade 
modulus  for  pavement  analysis,  it  appears  that  the  more  tractable  expression 
of  Heukelom  and  Foster  would  better  suffice,  at  least  in  the  initial  phase  of 
this  study.  The  use  of  deviator  or  confining  stress-dependent  expressions  did 
not  appear  feasible  for  this  study.  The  linear  expression  of  E  =  f(CBR)  was 
also  used  in  earlier  works  (reference  25),  and  it  was  decided  that  such  an 
expression  should  be  adopted  for  structural  characterization  of  subgrade 
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material  in  this  study.  Selection  of  a  suitable  value  for  Poisson's  ratio  wa.- 


based  on  the  commonly  accepted  value  of  v  =  0.5  for  a  saturated  clay.  Wang 
et  al.  (reference  22)  used  a  value  of  v  =  0.^8  for  a  similar  subgrade 
material. 

For  this,  therefore,  it  was  concluded  that,  for  convenience,  values 
for  subgrade  modulus  would  be  estimated  by  the  expression  E(psi)  =  1500(CBR) 
and  that  the  value  of  Poisson's  ratio  should  be  taken  as  0.5. 
f .  Remarks 

It  should  be  recognized  that  the  values  of  modulus  of  elasticity  and 
Poisson's  ratio  for  the  various  materials  indicated  above  are  primarily  base 
data  used  for  comparison  of  analytical  procedures.  For  this  analysis,  the 
effect  on  predicted  response  of  varying  the  bate  value  for  modulus  was  also 


studied  in  several  instances. 


SECTION  IV 


RESULTS  OF  ANALYSIS 


1.  GENERAL 

The  programs  utilized  in  this  study  basically  compute  stresses,  strains, 
and  deformation.  It  has  been  shown  by  other  investigators  that  the  three  pro¬ 
grams  produce  results  that  will  compare  very  closely.  Consider  the  comparison 
by  Pichumani  (reference  10 )  shown  in  figures  21  and  22,  in  which  the  results 
of  the  layer  theory  program  are  compared  with  results  of  a  linearly  elastic 
finite  element  program.  Pichumani  attributes  the  difference  primarily  to  the 
fact  that  the  finite  element  analysis  has  finite  boundaries;  whereas  in  the 
layered  analysis,  the  boundaries  extend  infinitely  in  both  the  vertical  and 
the  horizontal  directions.  Thus  the  evidence  is  that  for  analogous  problems, 
both  programs  will,  within  significant  accuracy,  give  the  same  results.  This 
evidence  was  born  out  in  this  analysis.  Consider  the  following  comparison  of 
data  from  the  structural  layer  study  (360-kip  12-wheel  assembly)  with  results 
from  CHEVRON  and  AFPAV  analyses. 

Maximum  Maximum 

Test  Item  Surface  Deflection,  in.  Vertical  Subgrade  Stress,  psi 


CHEVRON 

AFPAV 

Measured 

CHEVRON 

AFPAV 

Measured 

1 

0.225 

0.178 

0.2b 

17.7 

1° .  5 

20. 1+ 

2 

0.159 

0.1L3 

0.25 

11.7 

15.8 

18.  U 

k 

0.128 

0.101 

0.19 

6.5 

12.3 

10.0 

As  indicated  above,  the  absolute  difference  between  the  layer  theory  (CHEVRON) 
results  and  those  from  AFPAV  is  not  large  and  is  attributable  to  the  differ¬ 
ence  in  the  fissumed  boundaries. 

This  study  was  conducted  almost  entirely  utilizing  linearly  elastic  mate¬ 
rial  characterization  with  the  CHEVRON  and  AFPAV  programs.  Limited  work  was 
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depth,  in. 
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ELASTIC  VERTICAL  DEFLECTIONS,  10 


E  2  =  1  .08  >  10'.  -  0.25 


E,  =  1  .5  »  10  ,  I',  =  0.25 


E3  =  2.25  «  10  .  t^3  r  0.3S 


E4  =  4.4  *  10 


LEGEND 

COMPUTED  -  LINEAR  TW'  DIMENSIONAL 
FINITE  ELEMENT  CODE  (4  LAVERS) 
COMPUTED  -  N-LAYERED  ELASTIC  SYSTEM 
CODE  (4  LAYERS) 

MEASURED 


DEPTH,  IN 


ELASTIC  VERTICAL  DELEECTION,  10'J  IN, 

0  2  4  6  8  10  12 


Fi_ure  22.  Deflections  computed  from  four-  and  seven-layer  analyses  fcr 
a  single-wheel  load  (C-5A  30  kips  per  wheel)  versus  depot.  for 
item  MWHGL  test  section  (from  reference  10). 
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conducted  using  the  FEPAVE  II  program  for  nonlinear  material  properties,  and 
the  significance  of  this  ty^e  of  analysis  will  be  discussed.  Analysis  of  the 
pavement  in  each  test  section  is  indicated  under  the  appropriate  descriptive 
title  for  the  test  section. 

2 .  MWHGL  TESTS 

The  basis  for  analysis  of  the  MWHGL  data  was  the  nonlinear  characteriza¬ 
tion  of  the  granular  materials.  In  this  analysis  the  response  of  the  pavement 
systems  to  single-wheel  loading  was  simulated  by  the  use  of  the  FEPAVE  II 
finite  element  program.  Since  the  finite  element  program  was  limited  to 
single-wheel-load  effects,  no  multiple-wheel- load  data  were  considered  for 
this  analysis.  The  summary  of  the  results  is  contained  in  table  X. 

Table  X 


Load  Deflection  Number  of  Load  Deflection  Stress  o  Strain  e 


Item  Kips  in.  Increments**  in.  psi  in. /in. 

1  30  0.12  3  0.18  17.0  0.0022 

50  0.1*2  3  0.32  31.0  0.003** 

50  0.1*2  6  0.31  25.0  0.0030 

2  30  0.11  3  0.19  12.5  0.0015 

50  0.23  3  0.36  18.5  0.0023 

50  0.23  6  0.29  1*4.0  0.0017 

3  75  3  0.57  16.5  0.0020 

75  —  6  0.1*8  17.5  0.0020 

*  Deflection:  surface  deflection  under  center  of  tire. 

Stress  and  strain:  represents  response  at  a  point  at  top  of  subgrade 

under  center  of  the  tire. 

**  Number  of  load  increments  used  in  the  finite  element  program. 

Only  comparison  of  computed  and  measured  surface  deflections  were  made 
for  the  MWHGL  test  section.  Based  on  this  limited  analysis  and  previous 
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linear  analyses  conducted  by  others  (references  3  and  10)  ,  it  is  possible  to 
conclude  that  the  nonlinear  analysis  gives  results  that  compare  more  favorably 
with  the  measured  results  them  does  linear  analysis.  In  the  case  of  linear 
analysis,  the  deformation  and  stresses  are  underestimated;  while  it  appears 
*-hat  in  the  nonlinear  analysis,  the  deformation  and  stresses  are  overestimated. 

In  considering  layered  analysis  versus  nonlinear  analysis,  it  might  be 
interesting  to  look  at  the  variation  of  the  modulus  values  within  a  granular 
layer.  Figure  23  shows  the  variation  of  the  E-modulus  after  application  of 
the  first  load  increment  (8.3  kips)  of  the  50-kip  loading  in  the  analysis  of 
item  1.  As  can  be  seen,  the  variation  in  the  horizontal  direction  is  greater 
than  the  variation  in  the  vertical  direction.  The  variation  in  the  horizontal 
direction  illustrates  the  error  made  in  use  of  layered  theory.  The  nonlinear 
behavior  of  the  pavement  materials  is  probably  the  major  factor  in  the  inabil¬ 
ity  for  layered  theory  to  accurately  simulate  pavement  behavior. 

3.  BITUMINOUS  BASE  COURSE  STUDY 

The  surface  profiles  were  the  only  measured  data  used  for  verification  of 
the  CHEVRON  analysis  of  the  bituminous-stabilized  base  test  section.  When 
computed  deflection  is  compared  with  measured  deflection,  it  is  seen  that  for 
each  of  the  four  items,  the  computed  deflection  is  smaller  than  the  measured 
deflection  by  an  average  factor  of  b.2.  Examples  of  this  poor  correlation 
with  measured  data  are  shown  in  figures  2h  and  25.  A  summary  of  the  results 
of  the  analysis  of  the  bituminous  base  test  section  is  given  in  table  XI. 

If  the  analysis  is  examined,  it  is  seen  that  in  most  of  the  test  items, 
the  subgrade  was  overstressed  and  that  yielding  would  have  occurred.  In  addi¬ 
tion  the  properties  of  asphalt  paving  materials  are  recognized  as  being  highly 
temperature-  and  time- dependent .  Thus  the  pavement  temperature  and  the  time 
required  for  taking  the  static  deformation  measurements  would  have  had 
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DISTANCE 


23.  E-modulus  values  for  crushed  stone  base  course,  item  1,  MWHGL  test  section,  after  one  load 
increment  (8.3  kips)  of  50-kip  single-wheel  load  (FEPAVE  II  program). 


VERTICAL  DEFLECTION,  IN 
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X-COOROlNATE  AT  T«»5IN,  IN. 


Figure  25.  Measured  and  computed  vertical  deflection  on  X-coordinate  at 
Y  =  65  in.  for  360-kip,  12-wheel  assembly  on  item  2,  bitumi¬ 
nous  base  course  test  section  (CHEVRON  program). 
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Table  XI 

Summary  of  Analyses  of  Data  from 
Bituminous  Base  Course  Study  -  CHEVRON  Program 


Item 

Load 

Kips 

Measured 

Deflection 

in. 

Deflection 

in. 

Vertical 
Stress  ct 

.  V 

psi 

Vertical 
Strain  e 
in. /in.v 

Horizontal 
Stress  ctu 
psi  H 

Horizontal 
Strain  eH 
in. /in. 

1 

30 

— 

0.092 

14.5 

0.0018 

-110 

0.0009 

75 

1.18 

0.23 

36 

0.0046 

-280 

0.0023 

360 

0.22 

0.90 

18 

0.0018 

-114 

0.001 

2 

30 

-  - 

0.075 

13.0 

0.0014 

-123 

0.0007 

75 

1.22 

0.22 

40 

0.0045 

-258 

0.0023 

360 

0.81 

0.19 

17 

0.0013 

-128 

0.0008 

3 

30 

-- 

0.061 

8.4 

0.0009 

-38 

0.0005 

75 

0.61 

0.12 

18 

0.0024 

-126 

0.00066 

360 

0.58 

0.15 

13 

0.0010 

-43.7 

0.0007 

4 

30 

-- 

0.14 

12.5 

0.0016 

-150 

0.0612 

75 

0.68 

0.19 

25 

0.0043 

-180 

0.002 

360 

0.42 

0.21 

16 

0.0016 

-138 

0.0014 

*  Entries  represent  maximum  values  computed  for  the  following  locations: 

Deflection  Surface 

Vertical  stress  and  strain  Top  of  subgrade 
Horizontal  stress  and  strain  Bottom  of  stabilized  base 

Negative  values  represent  tensile  stress. 


~  .1  - - ......I:  -  ..  .. 
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considerable  i  ifluerce  on  the  measurements .  Certainly  the  deflection  caused 
by  the  moving  traffic  loads  would  be  much  less  than  the  deflection  under  the 


static  load.  Thus  the  computed  pavement  response  probably  more  closely  simu¬ 
lates  the  pavement  response  to  a  moving  load  than  is  indicated  by  the  compar¬ 
ison  with  the  static  loading. 

Two  significant  parameters  in  the  performance  of  asphalt  pavements  are 
the  tensile  strength  of  the  material  and  the  tensile  stress  developed  under 
loadings.  Consider  the  comparison  presented  in  the  table  XII, 

Table  XII 

Comparison  of  Tensile  Strength  and  Stress  with 
Pavement  Performance 


Tensile  Coverages  to 

Strength*  Tensile  Stress,  psi  Strength /Stress  Failure 


Item 

WML 

psi 

75  kip 

360  kip 

75  kip 

360  kip  75 

kip  360  kip 

1 

Surface 

-12k 

Compression 

Compression 

. 

6 

98 

Base 

- 

280 

Ilk 

O.kk 

1.09 

2 

Surface 

-108 

Compression 

Compression 

_ 

8 

U25 

Base 

-10  6 

258 

128 

O.Ul 

0.78 

V 

j 

Surface 

-9Y 

Compression 

— 

— 

— 

100 

2198 

Base 

-57 

Compression 

6 

- 

- 

Subb ase 

-89 

126 

Lk 

0.71 

2.00 

Surface 

-119 

Compression 

Compression 

— 

— 

100 

73k 

Base 

-106 

180 

138 

0.59 

0.75 

# 

Tensile  strength  values  were  taken  from  reference  L, 

l».  STRUCTURAL  LAYERS  STUDY 
a.  Item  1 

Analysis  of  item  1  was  conducted  utilizing  linear  elastic  theory  for 
yj-rip  and  50-kip  single-wheel  loadings  and  360-kip  12-wheel  loadings.  Instru¬ 
mentation  data  were  available  for  the  30-kip  single-wheel  loading  and  360-kip 
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12-wheel  loading.  A  nonlinear  analysis  was  conducted  for  the  50-kip  single¬ 
wheel  loading.  A  summary  of  certain  computed  parameters  are  given  in 
table  XIII. 

For  the  30-kip  single-wheel  load,  comparisons  between  computed  and 
measured  parameters  are  provided  in  figures  2 6  and  27.  These  figures  indicate 
that  closer  agreement  is  obtained  when  a  lower  modulus  is  used  for  the  asphalt 
surfacing.  The  shapes  of  the  curves  also  indicate  that  smaller  modulus  values 
exist  in  the  upper  pavement  layers  than  were  used  in  the  analysis. 

Figure  28  shows  the  surface  deflection  contours  resulting  from  loading  by 
the  360-kip  12-wheel  assembly.  As  shown,  the  maximum  deflection  occurred 
under  the  tire  located  at  coordinates  x  =  26.5  in.;  y  =  65  in.  The  contours 
of  the  vertical  stress  at  the  top  of  the  subgrade  are  shown  in  figure  29.  The 
maximum  stress  occurred  under  the  same  tire  as  the  maximum  deflection. 

For  a  comparison  of  computed  versus  measured  surface  deflections  for  the 
360-kip  12-vheel  load,  profiles  of  the  surface  deflection  along  the  section  of 
x  =  0  in.  and  along  the  section  of  y  =  65  in.  were  plotted.  These  profiles, 
shown  in  figure  30,  indicate  good  agreement  between  computed  and  measured 
deflections.  The  difference  in  the  computed  and  measured  deflections  appears 
to  be  caused  more  by  errors  in  the  assumed  subgrade  modulus  than  by  errors  in 
the  moduli  for  the  upper  material  layers  (as  was  the  case  of  the  single-wheel 
loading) . 

Figure  31  provides  a  comparison  between  the  vertical  stress  distribution 
with  depth  for  a  single-wheel  loading  and  for  a  12-wheel  loading.  The 
measured  vertical  stress  at  top  of  the  subgrade  was  plotted  as  an  additional 
comparison.  The  difference  between  the  vertical  stress  distribution  is  as 
would  be  expected;  i.e.,  the  difference  between  the  vertical  stress  caused  by 
the  single-wheel  and  the  12-wheel  assembly  increased  with  depth. 
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Summary  of  Analyses  of  Structural  Layers  Test  Section  It 
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Measured  and  computed  vertical  stress  at  the  top  of  the  subgrade  for  30-kip  single-wheel 
assembly  on  item  1,  structural  layer  test  section  (CHEVRON  program  with  E  =  300  and  50  ksi). 
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urface  deflection  contours  for  360-kip  12-wheel  assembly- 
structural  layer  test  section  (CHEVRON  program). 
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Figure  30. 


Measured  and  computed  surface  deflections  for  section  x  =  0  in. 
and  y  =  &5  in.  for  360-kip  12-wheel  assembly  on  item  1,  structural 
layer  test  section  (CHEVRON  program  E1  =  300  and  50  ksi). 
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Figure  31.  Measured  and  computed  vertical  stress  distribution  versus  depth 
for  single-  and  12-vheel  loadings  at  coordinate  x  =  26.5  in.  and 
y  =  65  in.  on  item  1,  structural  layer  test  section  (CHEVRON 
program) . 
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The  magnitude  and  direction  of  the  maximum  tensile  stresses  at  the  bottom 
of  the  stabilized  layer  for  the  360-kip  12-wheel  load  are  indicated  in 
figure  32.  Unlike  the  maximum  deflection,  the  maximum  tensile  stress  did  not 
occur  under  the  center  of  a  tire  but  at  the  periphery.  When  the  maximum  com¬ 
puted  tensile  stress  (l6.3  psi)  is  compared  with  the  tensile  strength  (7.3 
psi),  the  implication  is  that  cracking  of  the  stabilized  leyer  would  occur 
under  initial  loading. 

A  comparison  of  measured  vertical  strains  with  computed  vertical  strains 
is  provided  by  figure  33.  The  comparison  of  strains  in  the  base  layer  indi¬ 
cated  good  correlation,  but  the  strains  computed  for  the  stabilized  layer  and 
the  subgrade  are  not  in  agreement  with  the  measured  strains.  The  poor  agree¬ 
ment  of  the  subgrade  strains  is  not  unreasonable,  considering  the  assumed  .sub¬ 
grade  material  properties.  The  correlations  between  CBR  and  E-moduli  were 
based  on  small  strains;  whereas  in  the  upper  part  of  the  subgrade,  the  strains 
were  quite  large.  If  a  stress-strain  curve  of  saturated  buckshot  clay  is 
examined  (reference  26),  it  is  seen  that  the  E-moduli  vary  inversely  with  the 
s+rain.  A  rough  comparison  of  the  E-modulus  may  be  obtained  by  computing  a 
modulus  value  from  the  measured  vertical  stress  and  the  measured  vertical 
strain.  Using  this  procedure,  a  modulus  value  of  approximately  3000  psi  is 
computed,  which  is  less  than  one-half  of  the  value  used  for  the  section 
analysis . 

No  explanation  can  be  offered  for  extension  measured  in  the  stabilized 
layer.  The  validity  of  the  measured  values  is  substantiated  by  the  fact  that 
trie  same  type  of  behavior  was  observed  in  the  other  two  stabilized  layers.  To 
the  authors*  knowledge,  no  similar  response  has  been  reported  by  other  investi¬ 
gators.  The  significance  of  this  response  is  unknown,  but  certainly  this 
behavior  deserves  further  investigation. 
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Figure  32.  Computed  maximum  tensile  stresses  at  bottom  of  stabilized  layer 
for  360-kip  12-wheel  assembly  on  item  1,  structural  1-yer  test 
section  (CHEVRON  program). 
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b .  Item  2 

The  analysis  of  item  2  was  much  the  same  as  the  analysis  of  item  1 
and  the  same  trends  were  indicated  as  were  indicated  in  the  analysis  of 
item  1.  An  additional  analysis  of  icem  2  was  performed  utilizing  nonlinear 
material  characterization  for  the  stabilized  layer.  The  nonlinear  characteri¬ 
zation  for  the  cement-stabilized  clay  was  obtained  from  work  by  the  University 
of  California  (reference  22).  This  nonlinear  analysis  provided  an  interesting 
comparison  with  the  layered  analysis  and  also  provided  some  insight  into  why 
the  layered  theory  did  not  correlate  well  with  measured  response.  A  summary 
of  certain  parameters  for  item  2  is  given  in  table  XIV. 

Contours  of  surface  deflection  and  vertical  stress  at  the  surface  of  the 
subgrade  under  the  360-kip  12-wheel  load  are  shown  in  figures  3^  and  35, 
respectively.  Here,  as  was  the  case  for  item  1,  the  maximum  values  occurred 
under  the  interior  tire.  Figures  3 6  and  37  provide  comparisons  between  com¬ 
puted  and  measured  surface  deflectior  and  subgrade  stresses  for  the  same  load¬ 
ing.  The  deflections  computed  by  both  the  CHEVRON  and  the  AFPAV  programs  are 
less  than  the  measured  values.  Also  the  figures  indicate  that  curvature  of 
the  measured  profile  is  greater  than  the  curvature  of  the  computed  profiles. 
Such  discrepancies  could  be  caused  by  the  modulus  values  used  in  the  computa¬ 
tion  of  the  upper  part  of  the  pavement  structures  being  too  high .  This  over- 
estimation  of  modui'is  values  could  very  well  apply  to  the  upper  part  of  the 
suLgrade  as  was  suggested  for  item  1, 

Figure  36  provides  a  presentation  of  the  maximum  tensile  stress  at  the 
bottom  of  the  stabilized  layer  under  the  360-kip  12-wheel  load.  Again  as  was 
the  case  for  item  1,  the  maximum  value  occurs  at  the  periphery  of  the  interior 
tire.  Also  when  this  maximum  value  (1*9.2  psi)  is  compared  with  the  tensile 
strength  ( 1*2 . 5  psi)  of  the  stabilized  material,  the  conclusion  is  that  cracking 
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Measured  and  computed  surface  deflection  contours  for  360-kip  12 
wheel  uacemuly  on  item  2,  structural  layer  test  section  (CHEVRON 
program ) , 
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Figure  35.  Measured  and  computed  vertical  stress  contours  at  the  top  of  the 

subgrade  for  360-kip  12-wheel  assembly  on  item  2,  structural  layer 
test  section  (CHEVRON  program). 
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b.  Y-COORDINATE  AT  X=0  IN.  (SECTION  B-B  IN  FIG.  34) 

Measured  and  computed  surface  deflections  for  sections  x  =  0  in.  and  y  =  65  in.  for 
wheel  assembly  on  item  2,  structural  layer  test  section  (CHEVRON  and  AEPAV  programs 
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Computed  maximum  tensile  stresses  at  bottom  of  stabilized  layer 
for  360-kip  12-wheel  assembly  on  item  2,  structural  layer  test 
section  (CHEVRON  program). 


NOTE 

ARROWS  AND  NUMBFRS  DENOTE 

DIRECTION  OF  MAXIMUM  TENSILE 

i 

STRESS  AND  MAGNITUDE  IN  PSI. 

:  1  1 
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of  the  stabilized  material  would  occur  but  would  be  less  severe  than  was 
anticipated  for  item  1. 

The  analysis  of  the  single-wheel  loading  provided  the  opportunity  for 
comparing  the  results  of  the  linearly  elastic  analysis  with  the  nonlinear 
analysis.  In  the  nonlinear  analysis,  the  base  and  the  stabilized  layer  were 
considered  to  be  nonlinear;  the  asphalt  surfacing  and  the  subgrade  were  con¬ 
sidered  to  be  linearly  elastic  and  to  have  the  same  material  properties  as 
were  used  in  the  linear  analysis.  The  base  was  characterized  utilizing  two 
separate  functions:  first,  the  modulus  was  characterized  as  a  function  of 
the  minor  principal  stress  by  the  equation  E  =  (o^)  2  where  =  13,126 

and  =  0.55;  and  the  second,  the  modulus  was  characterized  as  a  function  of 
the  first  stress  invariant  by  the  equation  E  =  2  where  K  =  k ,982.6  and 

=  0.1+5.  The  values  of  the  K's  for  the  first  and  second  characterizations 
came  from  work  by  Hicks  (reference  lU)  and  Barksdale*.  The  stabilized  mate¬ 
rial  was  characterized  as  a  function  of  the  deviator  stress  and  first  stress 
invariant  by  the  equation  E  =  (K^  -  log  o^)  1^  3  where  =  1,372,  = 

5.07,  and  K3  =  0.82. 

The  results  obtained  from  the  two  nonlinear  analyses  were  almost  identi¬ 
cal.  The  surface  deflection  computed  for  the  30-kip  single-wheel  load  utiliz¬ 
ing  the  first  characterization  of  the  base  was  0.082  in.  as  compared  to  0.078 
in.  for  the  second  characterization  or  only  5  percent  difference.  A  compari¬ 
son  of  th'-  vertical  distribution  of  stress  ?.s  given  in  figure  39.  Again  it 
is  seen  that  there  is  very  little  difference  in  the  results  obtained  from  the 
two  methods  of  base  characterization.  No  attempt  was  made  to  evaluate  other 

i 

Person al  communication,  Richard  Barksdale  to  W.  R.  Barker,  June  1971. 
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methods  of  base  characterization  but  this  limited  analysis  indicated  that 
either  procedure  would  serve  equally  well. 

In  the  comparison  of  the  linear  analysis  with  the  nonlinear  analysis,  the 
nonlinear  results  from  the  first  base  characterization  will  be  used.  The 
first  comparison  is  provided  in  figures  40  and  1*1,  which  show  the  surface 
deflection  profiles  for  the  30-  and  50-kip  single-wheel  loads,  respectively. 
For  both  loadings,  surface  profiles  predicted  by  the  nonlinear  analysis  corre¬ 
late  well  with  the  measured  surface  profile.  Not  only  does  the  computed  max¬ 
imum  deflection  compare  favorably  with  the  measured  deflection,  but  the  shape 
of  the  computed  profile  matches  that  of  the  measured  profile.  The  profiles 
from  the  linear  analysis  did  not  correlate  well  with  the  measured  profile, 
particularly  with  respect  to  the  shape  of  the  profile. 

For  the  30-kip  single-wheel  load,  the  comparison  of  computed  and  measured 
vertical  stress  is  provided  in  figures  42  and  43.  Again  the  best  agreement 
with  measured  data  was  obtained  from  nonlinear  analysis.  The  distribution  of 
vertical  stress  with  depth  for  the  50-kip  single-wheel  load  is  given  in 
figure  44.  The  relative  comparisons  of  stresses  obtained  from  the  linear 
analysis  with  the  stresses  obtained  from  nonlinear  analysis  were  the  same  for 
this  loading  as  they  were  for  the  30-kip  loading;  that  is,  the  stresses  from 
the  nonlinear  analysis  are  much  greater  than  the  stresses  from  the  linear 
analysis . 

The  measured  vertical  strains  and  strains  computed  from  linear  analysis 
are  shown  in  figures  45  and  46  for  a  30-kip  single-wheel  load  and  a  360-kip 
32-wheel  load,  respectively.  As  was  the  case  in  item  1,  the  agreement  between 
measured  and  computed  strains  is  very  poor.  The  reason  for  the  poor  agreement 
in  item  2  would  be  the  same  as  in  item  1.  The  modulus  value  of  the  subgrade 
computed  from  the  field-measured  subgrade  strain  and  stress  is  approximately 


80 


RADIAL  DISTANCE 


AFWL-TR-73-21 


VERTICAL  STRESS,  PS! 

40  60  60 


AFWL-TR-73-21 


VERTICAL  STRESS,  RSI 


AFWT-TP- 73-21 


EXTENSION 


VERTICAL  STRAIN,  I0_*  IN. /IN. 

COMPRESSION 


figure  hcj.  Computed  and  measured  vertical  stress  versus  depth  for  30-kip 
single-wheel  load  on  item  2,  structural  layer  test  section 
(CHEVRON  program). 
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Figure  1*6.  Computed  and  measured  vertical  stress  versus  depth  for  360-kip 
12-wheel  assembly  on  item  2,  structural  layer  test  section 
(CHEVRON  program) 
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5000  psi.  This  is  higher  than  the  computed  subgrade  modulus  of  item  1  but  not 
as  high  as  the  modulus  value  used  in  the  analytical  analysis, 
c.  Item  3 

The  approach  taken  in  the  analysis  of  item  3  was  to  subdivide  the 
21  in.  of  crushed  stone  into  three  sublayers:  the  top  two  layers  each  being 
6  in.  in  thickness  and  bottom  layer  being  9  in.  in  thickness.  A  ratio  of 

El4  E3  E2 

E-moduli  (i.e.,  the  ratio  of  —  »  »  tt-  )  was  chosen  such  that  the  tension 

E5  E3 

that  developed  at  the  bottom  of  each  layer  was  inconsequential.  Several 
ratios  were  tried;  the  most  promising  results  were  obtained  using  a  ratio  of 
1.2.  Use  of  this  ratio  resulted  in  values  of  8,600  psi  for  E^;  10,300  psi  for 
E^;  ar.'l  13,500  psi  for  E.  .  For  this  set  of  modulus  values,  computations  were 
made  for  two  values  of  Poisson's  ratio:  0.2k  and  O.I45.  The  maximum  tensile 
stress  at  the  bottom  of  the  crushed  limestone  was  6.9  psi  for  a  Poisson's 
ratio  of  0.25  and  2.8  psi  for  a  Poisson's  ratio  of  0.145.  Thus  it  can  be  seen 
that  the  tensile  stress  is  greatly  influenced  not  only  by  the  E-modulus  but 
also  by  Poisson's  ratio. 

A  summary  of  certain  parameters  for  item  3  is  given  in  table  XV. 

The  comparison  of  the  computed  and  measured  surface  deflection  for 
the  30-  and  75-kip  single-wheel  loadings  is  given  in  figure  UT .  This  compari¬ 
son  indicated  that  the  ratio  of  1.2  is  applicable  for  the  75-kip  loading  but 
not  for  the  30-kip  loading.  The  comparisons  of  the  computed  and  measured 
surface  deflection  for  the  360-kip  12-wheel  loading  are  shown  in  figures  I4 8 
arid  1*9 .  In  this  case  the  agreement  between  computed  and  measured  deflections 
was  very  good.  Such  behavior  by  the  pavement  section  would  certainly  tend  to 
substantiate  the  contention  that  the  crushed  limestone  is  highly  nonlinear 
with  respect  to  the  state  of  Btress.  The  distribution  of  vertical  stress  with 
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Table  XV 

Sunmary  of  Analyses  of  Structural  Layers  Test  Section  Item  3  Data 


Subgrade 


Assembly 

Load 

kips 

Method  of  Determination 

Deflection 

in. 

Vertical 
Stress  a 

V 

psi 

Vertical 
Strain  e 

in. /in. 

Single-wheel 

30 

CHEVRON  (linear  elastic) 

0.15 

17 

0.0022 

Finite  Element  (nonlinear) 

0.13 

10 

0.0012 

Measured  at  0  coverages 

0.06 

26 

0.004 

75 

CHEVRON  (linear  elastic) 

0.38 

30 

0.0036 

Measured  at  0  coverages 

0.39 

- 

- 

Twelve -wheel 

360 

CHEVRON  (linear  elastic) 

0.24 

20 

0  0023 

Measured  at  0  coverages 

0.25 

25 

0.0035 

SURFACE  DEFLECTION 
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wheel  assemblies  on  item  3,  structural  layer  test  section  (CHEVRON 
and  finite  element  programs). 


depth  is  given  in  figure  50.  The  measured  stress  for  both  the  30-kip  single¬ 
wheel  loading  and  360-kip  12-wheel  loading  was  approximately  25  psi;  whereas, 
the  computed  stresses  were  15  and  17  psi,  respectively.  The  measured  stress 
of  25  psi  for  item  3  is  high  when  compared  with  the  measured  stresses  of 
items  1  and  2  and  when  the  relative  performance  of  the  items  is  considered. 

The  high  25-psi  value  is  probably  due  to  over  registration  caused  by  the  arch¬ 
ing  action  of  the  granular*  materials  over  the  cells. 

One  computer  run  was  made  for  a  30-kip  single-wheel  loading  with  a 
finite  element  program  in  which  the  crushed  stone  was  characterized  as  being 
nonlinear  with  respect  to  the  confining  pressure.  The  surface  profile 
obtained  from  this  run  is  shown  in  figure  U7 .  Like  the  CHEVRON  program,  the 
finite  element  program  overpredicted  the  surface  deflection.  The  overestima¬ 
tion  could  result  from  the  procedure  that  was  employed  with  the  program.  The 
program  uses  an  incremental-load  technique  for  the  nonlinear  solutions  with 
the  investigator  specifying  the  number  of  load  increment.  The  number  of  load 
increments  required  for  a  satisfactory  solution  for  a  particular  problem 
depends  mainly  on  the  characteristics  of  the  loading  and  degree  of  nonlinear¬ 
ity  of  the  materials.  In  the  run  made  for  item  3,  the  load  was  applied  in 
only  three  load  increments.  Later,  analysis  of  granular  test  sections 
revealed  thut  the  30-kip  load  should  be  applied  in  at  least  ten  load  incre¬ 
ments.  Also  shown  was  the  fact  that  increasing  the  number  of  load  increments 
decreased  the  toteil  deflection.  Thus  it  is  expected  that  if  the  load  had  been 
applied  in  a  greater  number  of  load  increments,  the  computed  deflection  would 
have  agreed  better  with  measured  deformation. 

The  comparison  of  computed  with  measured  strains  in  figure  51  appears 
much  the  same  as  the  comparisons  for  items  1  and  2.  The  computed  strains  for 
the  upper  layers  were  higher  than  the  measured  strains;  while  in  the  subgrade, 
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VERTICAL  STRESS.  PSI 


COMPUTED  30 -HIP  SINGLE-WHEEL  LOAD 


MEASURED  30-HIP  SINGLE-WHEEL  LOAD  AND 
MEASURED  360-HIP  12-WHEEL  LOAD 


COMPUTED  360-HIP  12 -WHEEL  LOAD 


Measured  and  computed  vertical  stress  versus  depth  for  30-kip 
single-wheel  and  360-kip  12-wheel  assemblies  on  item  3,  struc^ 
tual  layer  test  section  (CHEVRON  program). 


the  measured  strain  was  higher  than  the  computed  strain.  If  the  sub grade  mod¬ 
ulus  is  approximated  from  meusured  stress  and  strain,  a  modulus  of  10,000  psi 
is  obtained.  This  is  considerably  higher  than  the  moduli  indicated  for  items 
1  and  2,  which  would  suggest  that  the  measured  stress  was  too  large. 

d.  Item  h 

The  summary  of  the  linearly  elastic  analysis  for  item  ^  is  given  in 
table  XVI. 

The  results  of  both  the  single-wheel  and  multiple-wheel  analysis  of 
item  U  indicate  that  the  modulus  of  the  stabilized  layer  was  overestimated. 
Figure  52  presents  the  comparison  of  the  computed  and  measured  values  of  sur¬ 
face  deflection  and  vertical  stress  with  measure  values.  As  can  be  seen,  the 
computed  surface  profile  is  almost  horizontal;  whereas,  the  measured  profile 
has  considerable  curvature.  Also  the  computed  subgrade  stress  was  approxi¬ 
mately  1/i  of  the  measured  stress.  The  same  behavior  is  seen  in  the  results 
from  the  75-kip  single-wheel  loading  (figure  53).  The  surface  profiles  for 
the  sC'J-Kij.  multiple-wheel  loading  are  presented  in  figure  5^.  Again  the 
computed  values  did  not  compare  favorably  with  the  measured  values.  The  com¬ 
parison  is  especially  poor  if  the  configurations  of  the  curves  are  used  as  a 
basis  of  comparison.  The  comparison  is  similar  to  that  for  the  single-wheel 
loading,  i.e.,  the  moduli  of  the  upper  layers  were  overestimated. 

For  the  360-kip  multiple-wheel  loading,  computed  tensile  stress  at 
the  bottom  of  the  stabilized  layer  (9^.3  psi)  was  very  close  to  the  tensile 
strength  ^87.3  psi)  of  the  material.  For  75-kip  single-wheel,  the  tensile 
stress  (188.7  psi)  would  cause  much  more  distress  of  the  pavement  system. 

In  addition  to  higher  tensile  strength  and  higher  modulus,  item  I4  had 
the  advantage  over  items  1  and  2  of  having  a  granular  material  as  the  parent 
material.  When  the  material  cracks  due  either  to  curing  or  loading,  the 
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layer  test  section  (CHEVRON  program). 
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Figure  5^.  Measured  and  computed  surface  deflections  for  sections  x  =  0  in. 

and  y  =  6 5  in.  for  360-kip  12-wheel  assembly  on  item  structural 
layer  test  section  (CHEVRON  and  AFPAV  programs). 


b  y  coordinate:  at  x  =  oin 
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material  would  continue  to  act  as  well-compacted  granular  material.  This 


would  give  the  material  added  strength  particularly  under  multiple-wheel 
loadings,  which  produce  high  confining  stresses. 

The  comparisons  of  computed  strains  and  measured  strains  are  pre¬ 
sented  in  figures  55  and  5 6.  The  comparison  of  strains  for  this  item  is  about 
the  same  as  was  discussed  for  items  1  and  2.  The  magnitudes  of  the  strains 
were  much  smaller,  but  extension  was  again  indicated  by  the  middle  set  of 
gages.  A  subgrade  modulus  of  approximately  1+000  psi  was  indicated  by  the 
measured  values  of  stress  and  strain.  This  is  much  the  same  as  the  subgrade 
moduli  indicated  in  items  1  and  2. 

5.  CORRELATION  OF  PREDICTED  RESPONSE  WITH  ACTUAL  PERFORMANCE 

Although  predicted  response  as  determined  by  linear  analysis  does  not 
correlate  particularly  well  with  measured  response,  the  linear  elastic  theory 
yields  results  that  are  correlatable  with  performance  and  that  are  presently 
being  used  as  a  ba*,i3  for  pavement  design.  The  most  frequently  used  design 
parameters  are  surface  deflection,  tensile  stress/strain  at  the  bottom  of  the 
asphalt  surfacing,  and  stress/strain  at  the  top  of  the  subgrade.  In  this 
study,  the  parameters  of  vertical  stress  and  strain  at  the  top  of  the  sub¬ 
grade,  surface  deflections,  and  the  ratio  of  tensile  strength  with  tensile 
stress  at  the  bottom  of  the  stabilized  layer  were  plotted  against  coverages. 
These  plots  were  used  to  determine  if  a  correlation  existed  between  the  com¬ 
puted  parameter  and  the  actual  performance.  Actual  performance  of  the  items 
included  in  the  analysis  is  shown  in  table  XVII. 
a.  Subgrade  Stress  and  Strain 

The  first  parameter  to  be  considered  is  the  vertical  stress  ard  strain 
at  the  top  of  the  subgrade .  Since,  in  the  case  of  the  test  sections  analyzed, 
the  subgrades  wer*  all  constructed  to  have  approximately  the  same  strength  and 
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layer  test  section  (CHEVRON  pro^: 


Table  XVII 


Performance  of  Pavements  Included  in  Analysis 


Assembly 


Test  Section 

Item 

Type 

Load 

Kips 

Coverages 
to  Failure 

MrtHGL 

1 

Single-wheel 

30 

120 

50 

6 

2 

Single-wheel 

30 

L50+# 

50 

200 

3 

Single-wheel 

75 

18 

Bituminous  Base 

1 

Single-wheel 

75 

6 

Course  Study 

12 -wheel 

360 

98 

2 

Single-wheel 

75 

8 

12-wheel 

360 

h25 

3 

Single-wheel 

75 

100 

12 -wheel 

360 

2,198 

h 

Single-wheel 

75 

100 

12- wheel 

360 

73>< 

Structural  Layers 

1 

Single-wheel 

50 

hO 

Study 

12-wheel 

360 

198 

2 

Single-wheel 

50 

120 

12-wheel 

360 

1,871 

3 

Single-wheel 

75 

50 

12-wheel 

360 

5,037 

1* 

Single-wheel 

75 

120 

12-wheel 

360 

10.L06+* 

# 

Traffic  stopped  at  indicated  coverage  level;  no  failure  occurred. 


10  It 


since  the  subgrade  was  considered  to  be  linearly  elastic,  the  subgrade  stress 
and  subgrade  strain  can  be  considered  almost  analogous.  The  relationship 
between  the  stress  imposed  by  the  12-wheel  360-kip  load  and  the  number  of 
coverages  to  failure  can  be  seen  in  figure  57*  The  vertical  stresses  for 
single-wheel  loadings  are  presented  in  figures  58  and  59  for  the  s+abilized 
and  MWHGL  test  sections,  respectively.  From  these  plots,  it  is  possible  to 
conclude  that  a  relationship  does  exist  between  vertical  stress  at  the  top  of 
the  subgrade  and  coverages. 

The  curves  shown  in  figures  58  and  59  are  estimates  of  the  existing 
relationship.  For  the  reasons  previously  stated,  a  similar  relationship  would 
exist  between  subgrade  strains  and  coverages.  The  relationships  shown  for  the 
CHEVRON  analysis  indicate  that  for  a  5000-coverage  level,  the  vertical  stress 
due  to  a  single  tire  must  be  kept  below  approximately  7.5  psi  and  below 
approximately  9.5  psi  due  to  the  multiple  wheels.  Considering  the  modulus  of 
the  subgrade  to  be  6000  psi,  these  stress  values  would  correspond  to  strain 
values  of  approximately  1.25x10  in. /in.  and  1.58x10  in. /in.  ,  respectively. 

In  reference  12,  Edwards  and  Valkering  reported  use  of  a  limiting 

_3 

subgrade  strain  value  of  1.03x10  in. /in.  in  the  design  of  airfield  pave- 
raents  ,  while  Witczak  used  a  limiting  subgrade  strain  value  of  1.55x10  in./ 
in.  (reference  27).  Although  the  subgrade  strain  values  appear  to  be  in  very 
close  agreement,  it  should  be  remembered  that  earlier  it  was  pointed  out  that 
the  layered  analysis  was  underestimating  the  subgrade  stresses  and  strains. 
Thus  although  these  values  of  strain  may  be  used  for  design  purposes,  they  are 
lower  than  the  actual  strains  that  will  be  produced  by  traffic  loadings.  The 
stress  value  picked  from  the  curve  correlating  the  nonlinear  results  with 
performance  (figure  59)  is  13.5  psi,  which  is  considerably  higl  er  than  the 
tolerable  maximum  of  7.5  psi  indicated  by  the  CHEVRON  analyses.  This  stress 
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level  would  give  a  strain  value  of  2.25x10  ,  which  would  more  nearly  approxi¬ 

mate  the  actual  behavior  of  the  pavement  system. 

For  stabilized  material,  which  is  considered  to  act  as  a  structural 
element  similar  to  a  beam,  the  relationship  between  the  tensile  strength  of 
the  material  and  the  tensile  stress  developed  under  loading  has  been  consid¬ 
ered  to  have  considerable  influence  on  Jhe  pavement  performance.  One  method 
of  indicating  this  influence  is  by  plotting  the  ratio  obtained  by  dividing  the 
tensile  strength  by  the  tensile  stress  versus  the  coverages  (figure  60).  With 
the  exception  of  the  360-kip  loading  of  item  of  the  structural  layer  test 
section,  the  ratios  shown  in  the  figure  appear  to  have  definite  relationship 
with  coverages.  The  fact  that  the  parent  material  of  item  1*  is  granular  would 
be  the  reason  for  the  deviation  from  the  relationship  shown  by  the  ether  test 
sections. 

b.  Surface  Deflection 

The  other  frequently  used  parameter  is  the  surface  deflection.  The 
plot  of  predicted  surface  deflections  of  the  stabilized  sections  under  a 
single-wheel  load  versus  coverages  to  failure  for  both  single-  and  12-wheel 
loads  is  presented  in  figure  6 1,  and  a  similar  plot  for  deflections  under  a 
12-wheel  loud  is  presented  in  figure  6 2.  Figure  63  shows  predicted  surface 
deflections  for  the  MWHGL  test  section  under  a  single-wheel  load.  Considering 
all  of  the  assumptions  made  in  analysis,  the  surface  deflections  indicate 
surprisingly  good  correlation  with  performance. 

Surface  deflection  reflects  the  distress  of  all  the  pavement  compon¬ 
ents  and  thus  would  tend  to  correlate  with  performance  regardless  of  the 
failure  mechanism.  The  present  Navy  method  of  pavement  design  uses  the 
d^flf*ction  of  a  30-in. -diam  plate  as  the  basis  for  design  (reference  28).  The 


Strength-stress  ratxo  versus  coverages  to  failure  for  stabilized  test  sections 
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system  requires  a  pavement  thickness  sufficient  to  limit  the  surface  deflec¬ 
tion  to  0.2  in.  The  correlation  shovn  for  the  single-wheel  load  on  the  sta¬ 
bilized  material  would  indicate  a  much  smaller  limiting  surface  deflection. 

For  the  conventional  pavement  section,  the  limiting  surface  deflection  would 
ce  somewhat  larger  than  for  the  stabilized  section  but  still  not  as  large  as 
0.2  in.  It  should  be  kept  in  mind  that  the  diameter  of  the  tire  contact  area 
used  in  the  analysis  was  in  the  order  of  19  in.  and  thus  would  produce  more 
pavement  distress  per  unit  deflection  than  would  a  30-in. -diam  tire,  as  repre¬ 
sented  by  the  plate  used  for  the  Navy  design.  The  12-wheel  360-kip  load  pro¬ 
duces  deflections  that  come  still  closer  to  the  0.2-in.  criterion.  Thus  it 
wouid  seem  that  the  resulting  limiting  deflection  is  going  to  be  highly 
dependent  on  tire  and  gear  characteristics.  Even  with  this  restriction,  the 
indication  is  that  the  surface  deflection  is  a  parameter  that  may  be  used  in 
the  prediction  of  pavement  performance. 

6.  DISCUSSION  OF  RESULTS 

The  approach  taken  in  this  investigation  was  to  develop  a  method  by  which 
a  pavement  structure  employing  stabilizer  layers  could  be  evaluated  in  terms 
of  performance.  The  measured  response  was  obtained  from  test  sections  con¬ 
structed  and  tested  at  WES.  This  analysis  was  attempted  without  extensive 
laboratory  testing  of  the  raterial  that  made  up  the  pavement  systems.  Thus, 
the  analysis  technique  employed  was  one  utilizing  the  simplest  of  material 
properties  i.e.,  one  employing  linear  elastic  theory.  For  this  reason,  the 
primary  tool  chosen  for  the  analysis  was  a  computer  program  (CHEVRON  program) 
that  used  the  Burmister  solution  of  a  linearly  elastic  layered  system.  A 
limited  amount  of  work  was  accomplished  utilizing  the  finite  element  technique. 
Because  the  primary  material  characterizations  were  assumed  on  the  basis  of 
the  characterizations  for  similar  materials  reported  in  the  literature  rather 


than  on  laboratory  tests  of  the  actual  materials,  the  full  analysis  capabil¬ 
ities  of  this  technique  were  not  exploited. 


The  results  of  the  linearly  elastic  analysis  did  not  agree  well  with  the 
measured  data,  but  this  was  not  totally  unexpected.  For  the  stabilized  sec¬ 
tion,  the  layered  theory  tended  to  underestimate  the  surface  deflections  and 
the  subgrade  stresses  and  strains.  Even  though  the  computed  parameters  did 
not  agree  with  the  measured  data,  a  definite  correlation  was  shown  to  exist 
between  the  computed  parameters  and  pavement  performance  (figures  57-63).  The 
parameters  can  form  the  basis  for  a  method  of  designing  pavement  systems  uti¬ 
lizing  structural  layers,  such  as  is  presented  in  Appendix  II.  Since  the  com¬ 
puted  pavement  response  does  not  agree  with  the  actual  pavement  response,  the 
correlations  become  empirical  in  nature  and  thus  are  valid  only  for  the  par¬ 
ticular  method  of  analysis  used  in  determining  the  correlation.  This  is  not 
to  say  the  values  presented  cannot  be  used  for  design,  but  that  they  must  be 
used  with  caution. 

The  importance  of  this  study  was  not  in  the  values  computed  but  in  the 
trends  that  were  indicated.  'Die  first  and  most  important  indication  is  that 
the  theoretical  approach  to  pavement  design  is  a  valid  approach.  The  theoret¬ 
ical  approach  offers  a  procedure  by  which  pavement  response  and  performance 
can  be  evaluated  regardless  of  the  materials  used  in  the  pavement  structure. 
The  second  indication  is  the  degree  of  nonlinearity  of  the  material  behavior 
under  aircraft  loading.  'Ibis  nonlinearity  extends  in  the  horizontal  direction 
as  well  as  in  vertical  direction.  Because  of  this  material  nonlinearity,  the 
linearly  elastic  solution  fails  to  simulate  actual  pavement  response.  The 
nonlinear  finite  elements  technique  is  a  tool  by  which  the  nonlinear  material 
characteristic  can  be  used  and  the  indication  is  that  much  better  response 
simulation  is  obtained  from  the  nonlinear  solutions.  Nonlinear  axisymmetric 
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finite  element  programs  that  are  capable  of  simulating  single-wheel  loadings 
of  pavement  systems  are  readily  available.  One  simulation  of  multiple-wheel 
loading  requires  the  use  of  a  three-dimensional  (3D)  analysis  program.  The 
AFPAV  finite  element  solution  used  in  this  study  is  capable  of  linear  analysis 
only  and  is  not  suitable  for  nonlinear  analysis.  The  most  promising  multiple- 
wheel  analysis  is  the  3D  finite  element  program.  The  adaptation  of  the  3D 
finite  program  for  nonlinear  analysis  is  a  relative  new  development  but  one 
which  has  been  employed  successfully  to  simulate  pavement  response.  Computer 
storage  capacity  and  costs  may  still  preclude  extensive  use  of  nonlinear  3D 
finite  element  programs  in  pavement  analysis,  but  it  is  expected  that  with 
time,  the  combination  of  advanced  computer  technology  and  more  efficient  codes 
will  provide  a  usable  tool  for  pavement  analysis.  As  an  interim  procedure,  it 
is  felt  that  the  nonlinear  response  of  pavement  systems  to  single-wheel 
loadings  could  be  correlated  to  pavement  performance  and  could  serve  as  an 
excellent  design  tool. 

The  study  brought  to  light  the  importance  of  the  material  characteriza¬ 
tion.  The  material  characterization  for  pavement  systems  is  made  especially 
difficult  by  factors  inherent  with  both  pavement  materials  and  loadings.  The 
properties  of  the  materials  are  highly  dependent  on  the  state  of  stress, 
stress  history,  rate  of  loading,  and  environmental  conditions.  The  types  of 
loading  include  static  loadings,  slowly  moving  loads,  rapidly  moving  loads, 
ana  dynamic  loads  cuused  by  landing  gear  vibrations.  As  an  added  complica¬ 
tion,  these  loads  are  applied  in  some  random  distribution  across  the  pavement 
surface.  These  complications  are  reflected  in  the  measured  data  by  the 
me/ plained  pattern  of  strains,  the  concentration  of  stresses  and  strains 
under  the  tires,  the  differences  in  parameters  measured  at  different  times, 
the  consolidation-type  deformations,  and  the  plastic  subgrade  deformations. 
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Cne  very  significant  observation  made  from  the  measured  data  is  a  conditioning 
of  the  soil  at  a  point  due  to  loadings  directly  over  the  point,  then  a  decon- 
ditioning  of  the  soil  due  to  loadings  a  short  distance  from  the  point.  This 
type  of  behavior  greatly  increases  the  magnitude  of  the  repeated  stresses  and 
strains  ar.d  decreases  the  life  of  the  pavement.  The  implication  in  this 
behavior  is  that  the  stress  history  is  of  major  importance  and  that  tests  for 
characterizing  the  material  must  realistically  simulate  not  only  the  state  of 
stress  but  also  the  stress  history.  Thus  it  would  appear  that  much  work  is 
necessary  for  developing  laboratory  tests  and  procedures  that  will  furnish  the 
necessary  material  characterizations  to  be  used  in  the  nonlinear  analysis  of 


r  ave ment  systems . 


SECTION  V 


CONCLUSIONS  AND  RECOMMENDATIONS 


1 .  CONCLUSIONS 

Hie  conclusions  reached  as  a  result  of  this  study  are: 

a.  For  the  test  sections  at  WES,  there  is  a  correlation  between  computed 
parameters  and  pavement  performance.  This  correlation  can  be  used  as  a  basis 
for  developing  design  methods  for  pavement  systems  having  similar  structural 

layers . 

b.  The  performance  of  pavement  systems  employing  structural  layers  is 
influenced  by  the  stress-strain  relationship  and  the  tensile  strength  of  the 
stabilized  material.  Thus  the  structural  benefit  of  the  layers  can  be  evalu¬ 
ated  by  evaluating  these  material  properties. 

c.  The  linearly  elastic  analysis  utilizing  modulus  values  from  the 
indirect  tensile  test  does  not  adequately  simulate  the  behavior  of  all  pave¬ 
ment  systems  employing  stabilized  layers.  The  simulation  was  better  for  the 
litt-  ana  cement-stabilized  lean  clay  than  for  the  cement-stabilized  clay 
gravel  or  the  asphalt-stabilized  material.  The  primary  cause  of  the  dis¬ 
agreement  in  the  case  of  the  stabilized  gravel  was  the  stress-dependent 
stress-strain  relation  of  the  parent  material  and  in  the  case  of  asphalt 
material,  time-  and  temperature-dependent  stress-strain  relationship  of  the 
asphalt . 

d.  The  behavior  of  the  buckshot  clay  is  nonlinear  with  respect  to 
deviator  stress.  At  the  stress  levels  obtained  in  the  test  sections,  the 
secant  modulus  is  less  than  one-half  the  modulus  indicated  by  the  relationship 

of  1500  times  CBR. 
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e.  Because  of  the  highly  nonlinear  nature  of  the  pavement  materials,  the 
most  promising  technique  for  simulating  the  pavement  behavior  is  the  nonlinear 
finite  element  technique.  For  single-wheel  analysis,  programs  are  readily 
available;  for  multiple-wheel  analysis,  some  interim  procedure  must  be  devised 
until  the  nonlinear  3D  finite  element  programs  are  fully  developed. 

f.  This  some  nonlinearity  requires  the  development  of  sophisticated 
laboratory  testing  equipment  and  techniques  that  more  nearly  simulate  field 
conditions  than  the  tests  now  being  conducted.  The  area  of  material  character¬ 
ization  is  the  area  where  maximum  effort  should  now  be  applied. 

2 .  RECOMMENDATIONS 

Tne  study  clearly  demonstrates  the  need  for  basic  research  in  the  area 
of  pavement  behavior.  As  a  result  of  the  study  the  following  recommendations 
are  made: 

a.  The  study  of  the  WES  test  sections  should  be  continued  with  emphasis 
placed  on  use  of  nonlinear  finite  element  analysis. 

b.  Work  should  be  pursued  on  the  development  of  tests  and  techniques 
for  adequately  characterizing  the  pavement  materials.  Emphasis  should  be 
placed  cn  the  state  of  stress,  stress  history,  and  environmental  factors. 

c.  The  correlations  derived  in  this  study  should  be  checked  against  the 
performance  of  the  pavement  systems. 

1.  New  test  sections  should  be  considered  where  the  primary  purpose  of 
the  test  sections  would  be  to  verify  the  theoretical  approach  to  pavement 
design.  Email-scale  tests  could  be  utilized  as  part  of  the  verification 
p  roe<  s . 

e.  I  irther  investigation  should  be  given  the  explained  development  of 
extension  in  the  stabilized  layers  as  the  pavement  was  loaded.  In  future  test 
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ections  particular  attention  should  be  *iven  to  vertical  strains  in  the 
tatilized  materials. 


AFV  L- TR-T  3-21 


APPENDIX  I:  STRESb  'ND  STRAIN  MEASUREMENTS  MADE  DURING 
STATIC  LOADING  OF  Si.’iCTURAL  LAYERS  TEST  SECTION 

Stress  and  strain  sensors  were  used  to  monitor  the  behavior  of  the  static 
loading  of  structural  layers  test  section.  The  data  from  these  tests,  used  in 
ohe  analyses  described  in  the  main  text,  are  presented  in  Tables  1-1  through 
I-l.  Figure  1-1  shows  the  coordinate  systems  referenced  in  the  tables. 
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Table  1-1 


Stress  Data  for  Single-Wheel  Assembly  Tests 


Assembly 


Item 

Coverages 

Gross 

Load 

Kips 

Location 
Coordinates , 

r 

in.* 

a 

1 

0 

30 

0 

2k 

26.5 

2k 

UQ 

2  k 

2 

0 

30 

0 

2k 

26.5 

2k 

U8 

2k 

-j 

0 

30 

0 

2k 

26.5 

2h 

U8 

2k 

k 

0 

30 

0 

2k 

26.5 

2k 

^8 

2k 

k 

After  10,000 

50 

0 

2k 

coverages , 

13.25 

2k 

12-wheel 

26.50 

2k 

360-k ip  load 

39.75 

2k 

53.00 

2k 

60 

0 

2k 

13.25 

2  k 

26.50 

2k 

39.75 

2  k 

53.00 

2k 

75 

0 

2k 

13.25 

2k 

26.50 

2k 

39.75 

2k 

53.00 

2k 

*  Coordinates  are  shown  in  figure  1-1. 


S+  ress  o 

v 

psi 

18.1 

0.8 

-  0.2 

15.3 

0.7 

1.0 

25.8 

0 

1.0 

7.3 
0.5 
0.8 

31.0 

26.5 

11.5 
3.0 
0.5 

30.0 

22.0 

8.5 

2.3 
0.3 

36.0 

29.0 

12.0 

1.5 
0.3 
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Table  1-2 


Strain  Data  for  Single-Wheel  Assembly  Tests 


Assembly 


[ten 


Gross  Location 
Load  Coordinates,  in.*  Reading 
Coverages  Kips 


Strain,  in. /in.** 


0 


30 


2 


30 


r 

d 

No. 

e 

V 

e 

r 

e. 

26.5 

6 

1 

-0.0039 

26.5 

16.5 

2 

+0.0066 

— 

— 

26.5 

28.5 

3 

+0.0050 

- 

— 

0 

6 

1* 

+0.0021 

- 

- 

0 

16.5 

5 

-0.0011 

- 

— 

0 

28.5 

6 

+0.0056 

- 

- 

53.0 

6 

7 

0 

- 

- 

53.0 

16.5 

8 

-0.0008 

- 

- 

53.0 

28.5 

9 

0 

- 

- 

0 

6 

10 

+0.0035 

- 

- 

0 

16.5 

11 

0 

- 

- 

0 

28.5 

12 

+0.0052 

- 

- 

26.5 

6 

13 

+0.001*1 

- 

— 

26.5 

16.5 

ll* 

+0.0070 

- 

- 

26.5 

28.5 

15 

+0.0075 

- 

- 

0 

6 

16 

No  reuding 

- 

- 

0 

16.5 

17 

-0.0013 

- 

- 

0 

28.5 

18 

+0.0083 

- 

- 

53.0 

6 

19 

+0.001 

- 

- 

53.0 

16.5 

20 

-0.002 

- 

- 

53.0 

28.5 

21 

+0.007 

- 

- 

26.5 

6 

22 

-0.009 

- 

- 

26.5 

16.5 

23 

-0.0018 

- 

- 

26.5 

28.5 

2l* 

+0.0001 

- 

- 

0 

6 

25 

+0.0003 

- 

- 

0 

16.5 

26 

-0.0012 

- 

- 

0 

28.5 

27 

+0.0027 

- 

- 

53.0 

6 

28 

-0.0001 

- 

- 

53.0 

16.5 

29 

-0.0007 

- 

- 

53.0 

28.5 

30 

+0.0001 

- 

— 

0 

6 

31 

-0.0021* 

- 

- 

0 

16.5 

32 

-0.0002 

- 

- 

0 

28.5 

33 

+0.0031* 

- 

- 

0 

16.5 

3*i 

-0.0003 

- 

- 

0 

28.5 

35 

+0.0039 

- 

- 

26 . 5 

16.5 

36 

-0.0006 

- 

- 

26.5 

28.5 

37 

+0.0015 

- 

- 

26.5 

16.5 

38 

-o.ooii* 

- 

- 

26.5 

28.5 

39 

+0.0002 

- 

— 

26.5 

6 

1*0 

-0.0006 

- 

- 
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Table  1-2  (Cont'd) 


Coverages 

0 


0 


Q 


Gross 

Load 

Kips 

30 


30 


30 


Assembly 


Location 

Coordinates,  ir. . * 
r  d 

Reading 

No. 

Strain 

,  in. /in, 

«« 

► 

’  e 

V 

e 

r 

et 

26.5 

16.5 

1*1 

-0.0011 

26.5 

28.5 

1*2 

+0.0017 

- 

- 

53.0 

6 

1*3 

0 

- 

- 

53.0 

16.5 

Lb 

-0.C003 

- 

- 

53.0 

28.5 

1*5 

0 

= 

- 

0 

6 

L6 

+0.0008 

- 

- 

0 

16.5 

1*7 

-0.0012 

- 

- 

0 

28.5 

148 

+0.0030 

- 

- 

26.5 

16.5 

1*9 

- 

+0 . 0020 

- 

0 

16.5 

50 

- 

-0.0003 

- 

53.0 

16 . 5 

51 

- 

-O.OOOL 

- 

0 

16.5 

52 

- 

-O.OOOL 

- 

0 

28.5 

53 

- 

-0.0010 

- 

26.5 

28.5 

5*4 

- 

0 

- 

26.5 

28.5 

55 

- 

0 

- 

0 

28.5 

56 

- 

- 

-0 

.0011 

26.5 

28.5 

57 

- 

- 

-0 

.0003 

26.5 

28.5 

58 

- 

- 

0 

26.5 

6 

59 

-0.0016 

- 

- 

26.5 

16.5 

60 

-O.OOlL 

- 

- 

26.5 

28.5 

61 

-0.0020 

- 

- 

0 

6 

62 

+0.0008 

- 

- 

0 

16.5 

63 

+0.0001 

- 

- 

0 

28.5 

61* 

+0.0029 

- 

- 

53.0 

6 

65 

-0.001 

- 

- 

53.0 

16.5 

66 

-0.007 

- 

- 

53.0 

28.5 

67 

-0.002 

- 

- 

0 

6 

68 

+0.0016 

- 

- 

0 

16.5 

69 

+0.0006 

- 

- 

0 

28.5 

70 

+O.OO3I4 

- 

- 

26.5 

6 

71 

+0.0002 

- 

- 

26.5 

16.5 

72 

-O.OOOL 

- 

- 

26.5 

28.5 

73 

+0.0011 

- 

- 

53.0 

6 

7I4 

+0.0001 

- 

- 

53.0 

16.5 

75 

0 

- 

- 

53.0 

28.5 

76 

+0.0002 

- 

- 

0 

6 

77 

+0.0006 

- 

- 

0 

16. 5 

78 

+0.0006 

- 

- 

0 

28.5 

79 

-0.0060 

- 

- 

26.5 

6 

80 

-0.0009 

- 

- 

26.5 

16.5 

81 

-0.0013 

- 

- 

26.5 

28.5 

82 

+0.0006 

- 

- 

0 

6 

83 

-0.0001 

“ 

— 
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Tab] e  1-2  (Cont'd) 


_  Ass°mbl,y _ "  ’ 

Gross  Location 

Load  Coordina;-es  ,  in.*  Reading  - ‘-train,  in. /in.** 

_lec  Coverages  Kips  r  d  No. _ £v  cr 


0  30 


coverages 
]2-v;her  1 
'/■-kip  load 


0 

16.5 

8)4 

0 

28.5 

85 

53.0 

6 

86 

53.0 

16.5 

87 

53.0 

28.5 

88 

0 

6 

89 

0 

16.5 

90 

0 

28.5 

91 

0 

28.5 

92 

26.5 

28.5 

93 

26.5 

28.5 

9h 

26.5 

6 

95 

26.5 

16.5 

96 

53.0 

6.0 

97 

53.0 

16.5 

98 

0 

6 

99 

0 

16.5 

100 

26.5 

16.5 

101 

0 

16.5 

102 

53.0 

16.5 

103 

0 

16.5 

10)4 

0 

28.5 

105 

26.5 

28.5 

106 

26.5 

28.5 

107 

26.5 

16.5 

108 

0 

16.5 

109 

53.0 

16.5 

110 

0 

16.5 

111 

0 

28.5 

112 

26.5 

28.5 

113 

26.5 

28.5 

11 14 

0 

6 

1 

0 

6 

2 

0 

16.5 

3 

0 

16.5 

h 

0 

28.5 

5 

0 

28.5 

6 

26.5 

6 

7 

26.5 

6 

8 

26.5 

16.5 

9 

26.5 

16.5 

10 

26.5 

28.5 

11 

26.5 

28.5 

12 

26.5 

28.5 

13 

53.0 

6 

1)4 

-0.0012 

+0.0019 

+0.0011 

-0.0006 

+0.0005 

+0.0010 

-0.0010 

+0.0009 

+0.002] 

+0,0008 
+0.0003 
0  _ 

-0.0002 
0  _ 

0  - 

+0.0003 
-0.0013 

-0.00C2 

-0.0005 

0 

-O.OOOlj 

-0.0006 

-0.000)4 

0 

-0.0011 

-0.0007 

-0.0002 

0 

-0.0007 
-0.0002 
+  0.00147 

+0.0022 

+0.0013 

-0.0016 

-O.OODi 

+0.0053 

+0.0058 

-0.0003 

-0.0020 

-0.0012 

-0.0020 

+0.001)4 

+0.0008 

+0.0020 

-0.0003 
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Table  1-2  (Conc'd) 


Item 

k 


Assembly 


Coverages 

Gross 

Load 

Kips 

Location 

Coordinates,  in.* 
r  d 

Reading  ■ 
No. 

Strain 

,  in. /in.** 

G 

V 

C  C4- 

r  t 

/fter  10,000 

50 

53.0 

6 

15 

-0.0011 

coverages 

53.0 

16.5 

16 

-0.0013 

- 

12-wheel 

53.0 

16.5 

17 

-0.0011 

- 

3b0-kip  load 

53.0 

28.5 

18 

-0.0001 

- 

0 

16.5 

19 

- 

-0.0009 

26.5 

16.5 

20 

- 

-0.0010 

53.0 

16.5 

21 

- 

-0.0010 

0 

28.5 

22 

- 

-0.0002 

26.5 

28.5 

23 

- 

-0.0015 

53.0 

28.5 

214 

- 

-0.0001 

0 

16.5 

25 

- 

-0.0007 

26.5 

16.5 

26 

- 

-0.0009 

53.0 

16.5 

27 

- 

-0.0002 

0 

28.5 

28 

- 

-0.001b 

26.5 

28.5 

29 

- 

-0.0021 

53.0 

28.5 

30 

- 

-0.0003 

60 

0 

6 

1 

+0.0036 

-  - 

0 

6 

2 

+0.0018 

-  - 

0 

16.5 

3 

-0.0012 

-  - 

0 

16.5 

-0.0011 

-  - 

0 

28.5 

5 

+0.0059 

-  - 

0 

28. ^ 

6 

+0.0081 

-  - 

26.5 

r 

7 

-0.0011 

-  - 

26.5 

C 

e 

-0.0021 

-  - 

26.5 

16.5 

9 

-0.0016 

-  - 

26.5 

16.5 

10 

-0.0021 

-  - 

26.5 

28.5 

11 

+0.0023 

-  - 

26.5 

28.5 

12 

+0.0008 

-  - 

26.5 

28.5 

13 

+0.0026 

-  - 

53.0 

6 

lU 

-0.0008 

-  - 

53.0 

6 

15 

-0.0005 

- 

53.0 

16.5 

16 

-0.0013 

- 

53.0 

16.5 

17 

-0.0010 

- 

53.0 

28.5 

18 

0 

-  - 

0 

16.5 

19 

- 

-0.0018 

26.5 

16.5 

20 

- 

-0.0012 

53.0 

16.5 

21 

- 

-0.001b 

0 

28.5 

22 

- 

-0.000b 

26.5 

28.5 

23 

- 

-0.0018 

53.0 

28.5 

2b 

- 

0 

0 

16.5 

25 

- 

-0.0015 

26.5 

16.5 

26 

- 

-0.0001 

53.0 

16.5 

27 

- 

-0.0005 

0 

28.5 

28 

- 

-0.0011 
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Table  1-2  (Cont'd) 

Coverages 

Gross 

Load 

Kips 

Assembly 

Location 

Coordinates,  in.* 
r  d 

Reading  - 
No. 

Strain 

,  in. /in.** 

e 

V 

e  e,. 

r  t 

After  10,000 

60 

26.5 

28.5 

29 

-0.0029 

coverages 

53.0 

28.5 

30 

- 

-0.0009 

12-wheel 

75 

0 

6 

1 

+0.002h 

-  - 

3o0-kip  load 

0 

6 

2 

+0.0015 

-  - 

0 

16.5 

3 

-0.0018 

-  - 

0 

16.5 

k 

-0.0011 

-  - 

0 

28.5 

5 

+0.0057 

-  - 

0 

28.5 

6 

+0.0072 

-  - 

26.5 

6 

7 

-0.001)4 

-  - 

26.5 

6 

8 

-0.0015 

-  - 

26.5 

16.5 

9 

-0.0019 

—  — 

26.5 

16.5 

10 

-0.0019 

-  - 

26.5 

28.5 

11 

+0.0025 

-  - 

26.5 

28.5 

12 

+0 .0012 

-  - 

26.5 

28.5 

!3 

+0.0026 

- 

53.0 

6 

1). 

-0.0002 

- 

53.0 

6 

15 

-0.0003 

- 

53.0 

16.5 

16 

-0.0012 

—  — 

53.0 

16.5 

17 

-0.0009 

- 

53.0 

28.5 

18 

+0.0001 

-  - 

0 

16.5 

19 

- 

-0.0018 

26.5 

16.5 

20 

- 

-0.0010 

53.0 

16.5 

21 

- 

-0.0010 

0 

28.5 

22 

- 

+0.0001 

26.5 

28.5 

23 

- 

-0.0018 

53.0 

28.5 

2k 

- 

-0.000)4 

0 

16.5 

25 

- 

-0.0011 

26.5 

16.5 

26 

- 

-0.0003 

53.0 

16.5 

27 

- 

-0.0006 

0 

28.5 

28 

- 

-0.0012 

26.5 

28. 5 

29 

- 

-0.0022 

53.0 

2  o.5 

30 

- 

-0.0003 

*  Coordinates  are  shown  in  figure  1-1. 

*  c-v,  e  represent  orientation  of  strain  measurement  in  vertical,  radiul, 

ar.d  tangential  directions,  respectively,  as  related  to  cylindrical  coordinate 
system.  Readings  preceded  by  minus  sign  represent  extension.  Readings  pre¬ 
ceded  by  plus  sign  represent  compresion. 
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Table  1-3 


Stress  Data  for  12-Wheel  360-Kip  Assembly  Tests 


Assembly  Location 
Coordinates,  in.* 


Coverages 

X 

JL- 

z 

0 

0 

65 

2b 

26.5 

65 

2h 

53.0 

65 

2b 

26.5 

113 

2b 

96 

26.5 

65 

2b 

26.5 

113 

2b 

201 

26.5 

65 

2b 

26.5 

113 

2b 

0 

0 

65 

2b 

26.5 

65 

2b 

53.0 

65 

2b 

26.5 

113 

2b 

96 

26.5 

65 

2b 

26.5 

113 

2b 

1327 

26.5 

6  5 

2b 

26.5 

113 

2b 

0 

0 

65 

2b 

26.5 

65 

2b 

53.0 

6  5 

2b 

26.5 

113 

2b 

96 

26.5 

65 

2b 

26.5 

113 

2b 

1515 

26.5 

65 

2b 

26.5 

113 

2b 

5000 

26.5 

65 

2b 

26.5 

113 

2b 

0 

0 

65 

2b 

26.5 

65 

2b 

53.0 

65 

2b 

26.5 

113 

2b 

1  of 


Stress  o 
psi 

6.5 
20. 1* 
17.8 

0.9 

27.3 

2.8 

2^.2 

1.1 

9.0 

18.1* 

18.2 

1.9 

23.1* 

1.6 

12.1* 

2.0 

6.5 

21+.9 

18.5 

-0.8 

29.6 

1.2 

30.2 

0.9 

27.0 

1.0 

7.3 

10.0 

7.3 

1.8 
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Table  1-3  (Cont'd) 


Assembly  Location 


Coordinates,  in.* 

Item 

Coverages 

X 

JL- 

z 

u 

96 

26.5 

65 

2h 

26.5 

113 

2h 

1515 

26.5 

65 

2h 

26.5 

113 

2h 

5000 

26.5 

65 

2h 

26.5 

113 

2h 

*  Coordinates  are  shown  in  figure  1-1. 
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Table  1-4 


Strain  Data  for  12-Wheel  360-Kip  Assembly  Tests 


Assembly  Location 
Coordination,  in.* 


Strain,  in. /in.** 


Item 


Coverages 


X 

JL 

z 

E 

V 

-26.5 

65 

6 

+0.0035 

16.5 

0 

28.5 

+0.0054 

+26.5 

65 

6 

NR 

16.5 

-0.00?0 

28.5 

-0 .0005 

0 

65 

6 

-0.0021 

16.5 

-0 .0006 

28.5 

+0.0029 

53.0 

65 

6 

-0.0020 

16.5 

-0.0012 

28.5 

+0.0069 

-26.5 

65 

6 

+0.002? 

16.5 

+0.0019 

28.5 

+O.OO69 

+26.5 

65 

6 

+0.0054 

16.5 

+0.0004 

28.5 

+0.0069 

-26.5 

65 

6 

+0.0028 

16.5 

+0.0032 

28.5 

+0.0166 

+26.5 

65 

6 

NR 

16.5 

+0.0016 

28.5 

+0.0038 

-26.5 

65 

6 

-0.0016 

16.5 

+0.0003 

28.5 

+0.0039 

+26.5 

65 

6 

-0.0004 

16.5 

-0.0009 

28.5 

+0.0039 

0 

65 

6 

NR 

16.5 

-0.0007 

28.5 

+0.0020 

0 

65 

6 

-0.0042 

16.5 

+0.0001 

28.5  ' 

+0.0021 

53.0 

65 

6 

-0.0018 

16.5 

+0.0003 

28.5 

+0.0039 

+  26.5 

65 

6 

NR 

16.5 

-o.ooo4 

28.5 

+0.0037 
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Table  T-I4  (Cont'd) 


Assembly  Location 


Strain,  in. /in.** 


Item 


Coverages 

X 

_£ 

z 

e 

V 

e 

x-x 

96 

-26.5 

65 

6 

-0.0059 

16.5 

+0.0003 

28.5 

+0.00143 

+26.5 

65 

6 

-O.OO2I4 

16.5 

+0.0010 

28.5 

+0.0051 

0 

65 

6 

NR 

16.5 

-O.OCOI4 

28.5 

+O.OO2I4 

1327 

-26.5 

65 

6. 

-0.0327 

16.5 

-0.0056 

28.5 

-0.0001 

+  26.5 

65 

6 

-0.0097 

16.5 

-0.0060 

28.5 

-0.0003 

0 

65 

6 

NR 

16.5 

-0.0066 

28.5 

-0.0005 

0 

-26.5 

65 

6 

NR 

16.5 

-0.0001 

28.5 

m 

0 

65 

6 

16.5 

_ , 

28.5 

-0.0001 

0 

65 

6 

_ 

16.5 

-0.0006 

28.5 

_  _ 

26.5 

65 

6 

16.5 

_  _ 

28.5 

-0.0007 

96 

-26.5 

65 

6 

16.5 

-0.00014 

28.5 

_  _ 

0 

65 

6 

_  — 

16.5 

28.5 

+0.00014 

1327 

-26.5 

65 

6 

16.5 

-0.0062 

28.5 

0 

65 

6 

«... 

16.5 

_ 

28.5 

-0.00214 

0 

0 

65 

6 

— — 

16.5 

28.5 

-0.00014 
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Table  1-1*  (Cont'd) 


Coverages 

Assembly  Location 
Coordination,  in.* 

Strain,  in. /in.** 

£  c  c 

v  x-x  y-y 

X 

JL 

z 

0 

+26.5 

65 

6 

16.5 

— 

28.5 

-0.0013 

96 

0 

65 

6 

16.5 

28.5 

-0.0012 

1327 

0 

65 

6 

16.5 

28.5 

-0.0051 

0 

-26.5 

65 

6 

-0.0010 

16.5 

+0.0003 

28.5 

+0.0026 

+26.5 

65 

6 

0 

16.5 

+0.0003 

28.5 

+0.0050 

0 

65 

6 

-0.0002 

16.5 

+0.0008 

28.5 

+0.0005 

53.0 

65 

6 

-0.000*4 

16.5 

f0.0005 

28.5 

♦■0.0059 

96 

-26.5 

65 

6 

••0.0002 

16.5 

+0.0011 

28.5 

+0.0026 

+  26.5 

65 

6 

-0.0008 

16.5 

+0.0003 

28.5 

+0.0051 

1515 

-26.5 

65 

6 

-0.0115 

16.5 

-0.0069 

28.5 

-0.0101 

26.5 

65 

6 

-0.0037 

16.5 

-0.0037 

28.5 

0 

5000 

-26.5 

65 

6 

-O.OOOll 

16.5 

0 

28.5 

+0.0025 

+  26.5 

65 

6 

NR 

16.5 

0 

28.5 

+0.0035 

0 

-26.5 

65 

6 

+0.0013 

16.5 

-0.0025 

28.5 

+0.0031 

+  26.5 

65 

6 

+0.0008 

16.5 

-0.008 

28.5 

— 
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Table  I-h  (Cont'd) 
Assembly  Location 


Strain,  in. /in.** 


Item 

Coverages 

X 

z 

e 

V 

1* 

0 

0 

65 

6 

16.5 

28.5 

+0.0021 

0 

65 

6 

-0.0021 

16.5 

-0.0017 

28.5 

+0.00llj 

53.0 

65 

6 

-0.0027 

16.5 

-O.OOllj 

28.5 

— 

+26.5 

65 

6 

— 

16.5 

— 

96 

28.5 

+0.0018 

-26.5 

65 

6 

+0.0151 

16.5 

+0.0051 

28.5 

+0.0101 

+26.5 

65 

6 

+0.0133 

16.5 

+0.0069 

28.5 

— 

16.5 

28.5 

+0.012I* 

1515 

-26.5 

65 

6 

16.5 

28.5 

-0.0005 

-0.0013 

+0.0018 

+26.5 

65 

6 

16.5 

28.5 

+0.0001 

-0.0007 

0 

65 

6 

16.5 

28.5 

+0.0005 

5000 

-26.5 

65 

6 

16.5 

28.5 

+0.0006 

-0.00OJ4 

+0.0021* 

+26.5 

65 

6 

16.5 

28.5 

+0.0003 

-0.0012 

0 

65 

6 

16.5 

28.5 

+0.0008 

10 ,000 

-26.5 

65 

6 

16.5 

28.5 

+0.0006 

-0.0007 

+0.0020 

+26.5 

65 

6 

16.5 

28.5 

+0.0003 

-0.0012 
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Item 

h 


Table  1-1*  (Cont'd) 


Coverages 

Assembly  Location 
Coordination,  in.* 
x  y  z 

Strain,  in. /in.** 

e  c  e 

v  x-x  y-y 

10 ,000 

0 

65 

6 

.. 

16.5 

— 

28.5 

+0.0011 

0 

-26.5 

65 

16.5 

-0.0007 

28.5 

0 

65 

16.5 

— — 

28.5 

+0.0001 

0 

65 

16.5 

-0.0015 

28.5 

+26.5 

65 

16.5 

— 

28.5 

-0.0021 

96 

-26.5 

65 

16.5 

+0.0072 

28.5 

— 

0 

65 

16.5 

— 

28.5 

+0.0072 

1515 

-26.5 

65 

16.5 

+0.0037 

28.5 

— 

0 

65 

16.5 

— 

28.5 

-0.0035 

5000 

-26.5 

65 

16.5 

-0.0008 

28.5 

— 

0 

65 

16.5 

— 

28.5 

0 

10 ,000 

-26.5 

65 

16.5 

-0.0010 

28.5 

— 

0 

65 

16.5 

— 

28.5 

0 

0 

-26.5 

65 

16.5 

-0.0002 

28.5 

0 

65 

16.5 

28.5 

-0.0003 

0 

65 

16.5 

-0.0019 

28.5 

— 

+  26.5 

65 

16.5 

— 

28.5 

-0.0031 

96 

-26.5 

65 

16.5 

+0.0076 

28.5 

— 

0 

65 

16.5 

— 

28.5 

+0.0076 

1515 

-26.5 

65 

16.5 

-0.00U8 

28.5 

— 

0 

65 

16.5 

— 

28.5 

-0.0052 
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Table  1-1+  (Concl'd) 


Assembly  Location 
Coordination,  in.* 


Strain,  in. /in.** 


Item  Coverages  x 

JL 

z 

v  x-x  y-y 

U  5,000  -26.5 

65 

16.5 

-0.0006 

28.5 

.... 

0 

65 

16.5 

— 

28.5 

-0.0005 

10,000  -26.5 

65 

16.5 

-0.0001+ 

28.5 

0 

65 

16.5 

.... 

28.5 

-0.0003 

*  Coordinates  are  shown  in 

figure 

I-I. 

**  Subscripts  refer  to  rectangular  coordinate 

system  shown  in  figure  I-I. 

Readings  preceded  by  minus  sign  represent  extension.  Readings  preceded  by 

plus  sign  represent  compression. 

NR  equals 

no  reading. 
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APPENDIX  II:  EXAMPLE  OF  DESIGN  PROCEDURE  FOR  THREE-LAYER  FLEXIBLE  PAVEMENTS 

INVOLVING  STABILIZED  PAVEMENTS 

1.  DESIGN  PROCEDURE 

The  design  procedure  presented  herein  is  based  on  two  computed  response 
parameters  -  surface  deformation  and  vertical  stress  at  the  top  of  the  sub¬ 
grade.  The  correlations  between  these  two  parameters  and  performance  are 
based  on  the  data  presented  in  figures  II-l  and  II-2,  which  were  figures  58 
and  6l  of  the  main  text  of  this  report.  The  data  on  which  the  correlations 
were  based  were  somewhat  limited  in  scope;  tl  re  fore ,  extension  of  the  design 
procedure  into  other  areas  should  be  approached  with  caution. 

Basically  the  procedure  calls  for  initially  determining  the  material 
properties  of  the  pavement  section  and  computing  the  vertical  subgrade  stress 
and  surface  deformation  due  to  the  load  of  a  single  wheel  of  the  design  air¬ 
craft.  The  parameters  are  then  related  to  predicted  performance  using  the 
criteria  presented  in  figures  II-3  and  II— 1+ . 

The  procedure  consists  of  five  base  steps  as  follows. 

(1)  The  total  section  thickness  for  the  desired  service  life  is 
estimated  using  conventional  criteria. 

(2)  The  modulus  of  elasticity  and  Poisson’s  ratios  of  the  materials 
in  the  three  different  layers  above  the  subgrade  are  determined.  The  modulus 
an d  Poisson's  ratio  of  asphaltic  concrete  can  be  estimated  on  the  basis  of 
anticipated  temperature  and  a  static  loading  condition.  The  modulus  of  the 
stabilized  material  should  be  determined  utilizing  results  of  split  tensile 
tests  on  representative  samples  of  the  material.  Poisson's  ratio  for  most 
stabilized  material  may  be  assumed  to  be  0.3  or  0.35.  The  modulus  of  the  sub¬ 
grade  in  psi  can  be  estimated  by  use  of  the  expression:  E  =  1500  x  CBR. 
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PREDICTED  PAVEMENT  LIFE,  COVERAGES 

Figure  II-U.  Computed  surface  deformatidn  versus  predicted  pavement  life  in  coverages  for  the  load  of 
single  wheel  of  the  C-5A  aircraft. 


Poisson's  ratio  for  the  subgrade  may  be  assumed.  For  a  saturated  subgrade, 
Poisson's  ratio  would  be  approximately  0.5. 


(3)  Using  the  estimated  section  thickness  and  material  properties, 
the  surface  deflection  and  vertical  stress  at  the  top  of  subgrade  under  the 
loading  of  a  single  wheel  of  the  design  aircraft  assembly  can  then  be  computed 
by  the  layered  elastic  theory. 

( k )  The  surface  deformation  can  be  related  directly  to  pavement 
service  life  in  terms  of  coverages  using  the  correlation  shown  in  figure  Il-b. 
The  vertical  stress  at  the  top  of  the  subgrade  must  be  adjusted  for  the  dif¬ 
ference  in  the  modulus  value  of  the  subgrade  on  which  the  correlation  is  based 
and  the  value  of  the  subgrade  modulus  for  the  pavement  being  designed.  The 


adjustment  is  made  by  multiplying  the  computed  vertical  stress  time-  the 

following  factor:  — r — : - foPP. - — —  The  adjusted  vertical  stres 

B  actual  subgrade  modulus  0 

then  related  to  coverage  through  the  correlation  in  figure  II-3. 


.  The  adjusted  vertical  stress  is 


The  lower  of  the  two  coverage  levels  will  be  the  predicted  life  of  the 
section  being  analyzed. 

(5)  If  the  predicted  pavement  life  is  not  within  the  bounds  of  the 
desired  life  of  the  pavement  system  (or  *3$),  then  the  thickness  is  adjusted 


and  the  process  is  repeated.  The  process  may  require  several  iterations  to 


obtain  a  pavement  thickness  having  a  predicted  service  life  within  the  bounds 
desired  life  of  the  pavement  systems. 

2.  LIMITATIONS 

In  the  design  of  pavement  systems  incorporating  stabilized  layers,  the 
ratio  of  the  tensile  strength  of  the  stabilized  material  to  the  tensile  stress 
developed  in  the  pavement  systems  is  considered  to  be  an  important  parameter 
influencing  the  performance  of  the  pavement  system.  The  procedure  presented 
does  not  consider  this  parameter  in  the  prediction  of  pavement  life.  This  is 
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due  to  lack  of  correlation  shown  in  the  test  data  between  the  ratio  of 
strength  to  stress  and  pavement  performance.  Even  though  no  correlation  can 
be  given  at  this  time,  the  ratio  of  the  tensile  strength  to  stress  should  be 
comparted  and  compared  to  the  plot  shown  in  figure  60  of  the  main  text. 

It  should  also  be  noted  that  the  foregoing  procedure  is  based  on  somewhat 
limited  test  data.  The  principal  test  data  considered  were  obtained  from 
three  different  teat  pavements  with  approximately  consistent  subgrade  strength 
(*  1j  CBR ) ,  which  were  trafficked  under  two  different  loadings.  Also,  the 
design  system  uses  the  response  of  the  pavement  to  a  single  wheel  to  predict 
pavement  life  under  multiple-wheel  traffic.  This  appears  to  work  satisfactor¬ 
ily  for  the  C-5A  gear  but  has  not  been  verified  for  other  assemblies. 

3.  EXAMPLE  DESIGN  PROBLEM 
a.  Problem 


The  example  problem  is  to  determine  the  required  thickness  of  a  pave¬ 
ment  having  a  cement-stabilized  clay  gravel  base  to  sustain  5000  coverages  of 
a  B-52  aircraft.  The  surface  material  is  3  in.  of  asphaltic  concrete.  The 
material  properties,  assumed  in  the  example  are  shown  in  table  II-l  and  the 
aircraft  assembly  data  in  table  II-2. 


TABLE  II-l 

TYPICAL  MATERIAL  PROPERTIES 


Description 

Thickness 

in. 

Rated  CBR 

Estimated 

Modulus 

psi 

Estimated 
Poisson's  Ratio 

Asphaltic  Concrete 

3 

- 

50,000 

0.5 

Cement-Stabili zed 

To  be 

Clay  Gravel 

Determined 

- 

150,000 

0.3 

Soft  Clay 

ll*u 

3.3 

5,000 

0.5 

Stiff  Clay 

ILL 

6.7 

10,000 

0.5 

Clay  Shales 

- 

- 

900  ,000 

0.5 

1^3 


TABLE  1 1 -2 


B-52  AIRCRAFT  CHARACTERISTICS 


Type  Assembly  ------ 

Twin  -  Twin 

Assembly  Load,  kips  -  -  - 

2^0 

Tire  Load,  kips  ----- 

60 

2 

Contact  Area,  in.  -  -  - 

285 

Contact  Pressure,  psi  -  - 

210.53 

Load  Radius,  in.  -  -  - 

9.52 

The  material  properties  shown  for  the  asphaltic  concrete  are  what  might  be 
expected  for  a  3-iri.  surfacing  for  an  airfield  in  a  hot  climate.  The  material 
properties  for  the  stabilized  material  are  representative  for  a  cement- 
stabilized  clay  gravel, 
b .  Solution 

The  conventional  design  for  this  situation  would  specify  approxi¬ 
mately  68  in.  of  material  above  the  subgrade.  If  an  equivalency  of  2  is 
assumed  for  the  stabilized  material,  then  the  required  thickness  would  be  in 
order  of  3L  in.  or  more  of  pavement.  Using  this  starting  point,  analyses  of 
three  initial  sections  were  conducted  utilizing  the  CHEVRON  computer  program. 
The  subgrade  stress  and  surface  deformation  were  computed  and  related  to 
overages  through  the  correlations  shown  in  figures  II-3  and  I I— U .  The 
results  from  the  analysis  are  given  in  table  II-3. 
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DESIGN  ANALYSIS 

TABLE  II-3 

-  CHEVRON  COMPUTER 

PROGRAM 

Thickness  Above  Subgrade,  in. 

29 

32 

36 

Stress  at  Top  of  Subgrade,  psi 

6.14 

4.76 

3.84 

Adjusted  Stress,  psi 

7.35 

5.72 

4.60 

Coverages  (From  figure  II-3) 

1,800 

5,000 

10,000 

Surface  Deformation,  in. 

0.0669 

0.0592 

0.0539 

Coverages  (From  figure  1 1-4) 

700 

1,200 

P  ,000 

From  the  results  of  these  analyses,  it  is  seen  that  a  much  thicker  pavement 
section  would  be  required.  To  obtain  a  new  estimate  of  the  required  thick¬ 
ness  ,  the  critical  thicknesses  were  plotted  against  coverages  as  shown  in 
figure  II-5.  The  plot  was  projected  to  5000  coverages  and  a  new  estimated 
thickness  of  43  in.  obtained. 

Repeating  the  analysis  for  pavement  thicknesses  of  43  and  45  in.,  it  was 
determined  based  on  the  surface  deflection  correlation  that  the  pavement  sec¬ 
tions  would  sustain  4600  and  6000  coverages,  respectively. 

The  tensile  stress  at  the  bottom  of  the  stabilized  material  due  to  load¬ 
ing  by  one  twin-twin  assembly  was  estimated  to  be  less  than  45  psi  for  either 
of  the  two  thicknesses.  The  estimate  was  made  by  superposition  of  the  com¬ 
puted  tangential  str-sses.  Thus,  the  tensile  strength  is  more  than  twice  the 
developed  tensile  stress.  From  figure  60  of  the  main  text,  it  can  be  seen 
that  a  strength  to  stress  ratio  of  2  would  be  more  than  adequate. 

Based  on  the  analysis,  material  thickness  of  45  in.  above  the  subgrade 
would  provide  the  required  pavement  life.  This  design  procedure  then  essen¬ 
tially  substitutes  43  in.  of  cement-stabilized  clay  gravel  for  65  in.  of 
granular  base  and  subba3e  material. 
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